INTRODUCTION
Streptococcus pyogenes (group A streptococcus) is an important species of gram-positive extracellular bacterial pathogens. Group A streptococci colonize the throat or skin and are responsible for a number of suppurative infections and nonsuppurative sequelae. As pathogens they have developed complex virulence mechanisms to avoid host defenses. They are the most common cause of bacterial pharyngitis and are the cause of scarlet fever and impetigo. The concept of distinct throat and skin strains arose from decades of epidemiological studies, in which it became evident that there are serotypes of group A streptococci with a strong tendency to cause throat infection, and similarly, there are other serotypes often associated with impetigo (62, 543) . In the past, they were a common cause of puerperal sepsis or childbed fever. Today, the group A streptococcus is responsible for streptococcal toxic shock syndrome, and most recently it has gained notoriety as the "flesh-eating" bacterium which invades skin and soft tissues and in severe cases leaves infected tissues or limbs destroyed.
The group A streptococcus has been investigated for its significant role in the development of post-streptococcal infection sequelae, including acute rheumatic fever, acute glomerulonephritis, and reactive arthritis. Acute rheumatic fever and rheumatic heart disease are the most serious autoimmune sequelae of group A streptococcal infection and have afflicted children worldwide with disability and death. Group A streptococcal infections have recently been associated with Tourette's syndrome, tics, and movement and attention deficit disorders. This review will address the potential pathogenic mechanisms involved in poststreptococcal sequelae.
The Lancefield classification scheme of serologic typing distinguished the beta-hemolytic streptococci based on their group A carbohydrate, composed of N-acetylglucosamine linked to a rhamnose polymer backbone. Streptococci were also serologically separated into M protein serotypes based on a surface protein that could be extracted from the bacteria with boiling hydrochloric acid. Currently, more than 80 M protein serotypes have been identified, and a molecular approach to identification of emm (M protein) genes has been achieved. Vaccines containing the streptococcal M protein as well as other surface components are under investigation for prevention of streptococcal infections and their sequelae. This review will focus on the pathogenic mechanisms in group A streptococcal diseases and on new developments which have an impact on our understanding of group A streptococcal diseases in humans.
RESURGENCE OF SEVERE GROUP A STREPTOCOCCAL INFECTIONS AND SEQUELAE
Although group A streptococci are exquisitely sensitive to penicillin, an unexplained resurgence of group A streptococcal infections has been observed since the mid-1980s (275) . The first indication that infections due to S. pyogenes were on the rise was an outbreak of rheumatic fever which affected approximately 200 children during a 5-year period (531) . From the mid-1980s to the 1990s, eight rheumatic fever outbreaks were documented in the United States, with the largest in Salt Lake City, Utah (17, 275, 531) . Outbreaks were reported in Pennsylvania, Ohio, Tennessee, and West Virginia and at the Naval Training Center in San Diego, Calif. (17) . A decline in rheumatic fever with a milder disease pattern had been observed in the previous decade (59) . Therefore, the increased severity and the attack on middle-class families deviated from the past epidemiological patterns. Streptococcal M protein serotypes associated with the new outbreaks of rheumatic fever were M types 1, 3, 5, 6, and 18 (280) .
In the late 1980s, streptococcal toxic shock syndrome, bacteremia, and severe, invasive group A streptococcal skin and soft tissue infections were reported in the United States and Europe (103, 212, 241, 275, 376, 498) . Increased bacteremic infections were reported in Colorado, Sweden, and the United Kingdom (93a, 510) . These severe and invasive diseases have high morbidity and mortality and may be linked to the emergence of certain serotypes or clonotypes. Although several different M protein serotypes have been isolated from severe, invasive streptococcal diseases, M protein serotype 1 has dominated (241, 245) . Host susceptibility may be an important factor in production of toxic streptococcal syndrome. These aspects will be considered in this review. The resurgence of these serious infections and sequelae is strong evidence for increased awareness and surveillance of group A streptococci in the community.
Pyoderma and Streptococcal Skin Infections
Group A streptococci which invade the skin and cause impetigo are different M protein serotypes from those that cause pharyngitis (50, 61, 506, 507) . In addition, some of the skin strains are associated with production of acute poststreptococcal glomerulonephritis. The skin infections and nephritis are seasonal, usually occurring during the summer months and in temperate climates. The infection is limited to the epidermis, usually on the face or extremities, and is highly contagious (65) . Streptococcal strains which cause pyoderma do not cause rheumatic fever. Staphylococci may be mixed with streptococci in impetigo, and thus the treatment of choice is not penicillin for penicillinase-producing staphylococci (65) . Group A streptococcal strains may enter the skin through abrasions and other types of lesions to penetrate the epidermis and produce erysipelas or cellulitis. Erysipelas is a distinctive form of cellulitis with characteristically raised and erythematous superficial layers of the skin, while cellulitis affects subcutaneous tissues (65) . Cellulitis may occur from infected burns or wounds. Both erysipelas and cellulitis can be caused by streptococcal groups A, B, C, and G.
Invasive Streptococcal Disease: Streptococcal Toxic Shock
Syndrome, Necrotizing Fasciitis, and Septicemia
Introduction. In 1987, Cone and colleagues described a toxic shock-like syndrome due to S. pyogenes (103) . Later in 1989, Stevens described an unusually severe form of group A streptococcal disease which was similar to the staphylococcal toxic shock syndrome (498) . Streptococcal toxic shock syndrome was characterized by hypotension and multiple organ failure. The Working Group on Severe Streptococcal Infections suggested a case definition of streptococcal toxic shock syndrome and necrotizing fasciitis (569a) . Necrotizing fasciitis may accompany the toxic streptococcal syndrome. Group A streptococcal infection producing the toxic syndrome may occur in muscle and fascia and follow mild trauma with entrance of streptococci through the skin. In addition, group A streptococci may infect the vaginal mucosa and uterus, leading to severe disease or septicemia. Several excellent recent reviews on severe invasive streptococcal disease report on its features and pathogenesis (3, 290, 379, 498) . The features of invasive streptococcal infections include hypotension and shock, multiple organ failure, systemic toxicity, severe local pain, rapid necrosis of subcutaneous tissues and skin, and gangrene (65) . Predisposing factors include skin trauma, surgery, varicella, and burns.
Pyrogenic exotoxins and superantigens in invasive disease. Several virulence factors of group A streptococci are likely to be involved in the pathogenesis of toxic shock, invasion of soft tissues and skin, and necrotizing fasciitis. These virulence factors are the extracellular pyrogenic exotoxins A, B, and C as well as newly discovered exotoxins and superantigens such as exotoxin F (mitogenic factor) and streptococcal superantigen (SSA) (366, 394, 395) . In addition, several new superantigens with strong mitogenic activity have recently been reported as SpeG, SpeH, SpeJ, SmeZ, and SmeZ-2 (274, 434) . Details about the mitogenic toxins are described in a separate section under virulence factors. These new data point to the fact that there are a large number of superantigens which may play a role in toxic streptococcal syndrome. All of these toxins act as superantigens which interact with major histocompatibility complex (MHC) class II molecules and a limited number of V␤ regions of the T-lymphocyte receptor to activate massive numbers of T cells nonspecifically. The activation liberates large amounts of interleukins as well as other inflammatory cytokines such as tumor necrosis factor and gamma interferon (171, 221, 395) . The pyrogenic exotoxins are potentially responsible for at least some of the manifestations of toxic streptococcal syndrome. Kotb and colleagues demonstrated evidence for selective depletion of T cells expressing V␤1, V␤5.1, and V␤12 in patients with streptococcal toxic shock syndrome, further supporting the hypothesis that the streptococcal superantigens play an important role in disease pathogenesis (544) . Further evidence also suggests that streptococcal isolates from toxic streptococcal syndrome induce a Th1 rather than a Th2 cytokine response, which is characteristic of superantigens (393) .
Pyrogenic exotoxin B. Pyrogenic exotoxin B is an extracellular cysteine protease which has been shown to cleave fibronectin and vitronectin (288) , extracellular matrix proteins, and human interleukin-1␤ into the active form of the molecule (287) . Therefore, the protease may be important in inflammation, shock, and tissue destruction. Humans with a diverse range of invasive disease (erysipelas, cellulitis, pneumonia, bacteremia, septic arthritis, toxic shock syndrome, and necrotizing fasciitis) all produced elevated levels of antibodies against streptococcal pyrogenic exotoxin B following infection (214) .
M protein serotypes. M protein serotypes are nonrandomly represented among invasive-disease-causing strains (91, 100, 102, 369, 377, 378, 381, 389, 482) . In clinical reports and epidemiological studies of invasive and toxic streptococcal diseases, M types 1, 3, 11, 12, and 28 have frequently been reported, with M1 and M3 being the most common. Other serotypes have occasionally been reported. Using restriction fragment length polymorphism (RFLP) as detected in pulsedfield gel electrophoresis, two subclones from invasive disease were identified by RFLP type and multilocus enzyme electrophoretic type (377, 378) . The M1T1 genotype was recovered from both invasive disease and uncomplicated pharyngitis, suggesting that host factors as well as the streptococcal strain play a role in the development of severe disease (369, 379) . The M1T1 genotype was studied during a recent epidemic in Sweden; the conclusion was that M1T1 did not appear to be clonal, since it had genetic diversity downstream of the emm-1 gene and both genes for erythrogenic toxins A and B exhibited clonal variation (389) . This was in contrast to findings reported by Cleary and others that M1 may be clonotypic (100) . Recent data reported by Stockbauer and colleagues (500) show that invasive M1 organisms are a heterogeneous array of related organisms that differ by variation in the streptococcal inhibitor of complement.
Animal models of invasive soft-tissue infection. Wessels and colleagues have developed a murine model of human invasive soft-tissue infection (16) . The animals challenged with wildtype M3 streptococci developed a spreading soft-tissue necrosis, with bacteremia and death. Animals challenged with acapsular or M protein-deficient M3 mutants did not develop the spreading, necrotizing disease but developed a localized abscess. In further studies, mutants of the M3 strain from which the cysteine protease gene was deleted caused the same necrosis and spreading disease as the wild type. Therefore, in the murine model of soft-tissue infection described by Ashbaugh et al. (16) , the capsule and M protein play a major role in development of the spreading necrotic lesion.
Boyle has utilized an air sac model of skin infection in an attempt to demonstrate an association between expression of immunoglobulin G (IgG)-binding proteins and invasive potential (71, 442, 467) . In recent studies, Raeder and Boyle have shown that fresh clinical M1 serotype isolates from blood cultures could be subgrouped based on their invasive potential in the mouse skin air sac model and IgG-binding protein expression (442) . The expression of M1 protein and its IgG-binding properties were associated with the invasive potential of the M1 serotype studied. Subtle differences in the M1 serotype have been reported previously which may affect the invasive potential of the M1 strain (225) . The virulence of an isolate in the skin model does not necessarily correlate with virulence potential when the streptococcal strain is administered intraperitoneally (71, 442, 467) . In the skin air sac model of group A streptococcal infection, phenotypic variation of the same M protein serotype alters virulence. The skin models of infection and invasion suggest that the virulence factors required for skin invasion may be different from those for invasion through the pharyngeal route of infection or by injection intraperitoneally, which bypasses the normal entrance mechanisms of the bacterium. The section on virulence factors in this review will address some of these issues.
Treatment. Treatment of toxic and severe invasive disease with antibiotics is not always effective, and mortality can exceed 50% (149) . The failure of penicillin to treat severe invasive streptococcal infections successfully is attributed to the phenomenon that a large inoculum reaches stationary phase quickly and penicillin is not very effective against slow-growing bacteria (497, 499) . Treatment with clindamycin in experimental models of fulminant streptococcal infections appears to be more efficacious than penicillin, but this has not yet been demonstrated in humans. Clindamycin acts on protein synthesis rather than on cell wall synthesis.
A number of studies have suggested that treatment of streptococcal toxic shock syndrome with intravenous immunoglobulin (IVIG) reduces the mortality rate (291, 292, 494) . The reason for this may be that IVIG provides neutralizing or protective antibody to the patient. Plasma from patients with severe invasive group A streptococcal infections who were given IVIG inhibited streptococcal superantigen-induced Tcell proliferation and cytokine production (392) . All three streptococcal pyrogenic exotoxins, A, B, and C, were inhibited by the IVIG. The data suggested that a deficiency of neutralizing antibodies against the superantigens may increase the risk of developing disease (23, 24) . In addition, opsonic antibodies against M1 protein were found in pooled IVIG, and the anti-M1 antibodies combined with superantigen neutralizing antibodies in the IVIG should contribute to decreased mortality by reducing the bacterial load and neutralizing the effects of the toxins in patients with severe disease (24) .
IDENTIFICATION OF THE ORGANISM:
OLD AND NEW TECHNIQUES
Description and Clinical Microbiology
Throat culture. The group A streptococci have long been recognized as the Streptococcus sp. associated with acute pharyngitis. In a positive throat culture, group A streptococci appear as beta-hemolytic colonies among other normal throat flora which are usually alpha-or nonhemolytic on 5% sheep blood agar. S. pyogenes may appear as highly mucoid to nonmucoid; colonies are catalase negative. Optimal recovery of group A streptococci may be achieved by use of blood agar plates containing sulfamethoxazole-trimethoprim to inhibit some of the normal flora and growth under anaerobic conditions to enhance streptolysin O activity (303) . Throat culture is still recognized as the most reliable method for detecting the presence of group A streptococci in the throat (170) . Presumptive identification of the beta-hemolytic group A streptococci relies on susceptibility to bacitracin or a positive pyrrolidonylarylamidase test (170) .
Lancefield group. The Lancefield serological grouping system for identification of streptococci is based on the immunological differences in their cell wall polysaccharides (groups A, B, C, F, and G) or lipoteichoic acids (group D) (303) . The group A carbohydrate antigen is composed of N-acetyl-␤-Dglucosamine linked to a polymeric rhamnose backbone. Confirmation of S. pyogenes is done by highly accurate serological methods, such as the Lancefield capillary precipitin technique and the slide agglutination procedure, which utilize standardized grouping antisera (170) . These methods, including Streptex on primary plates (24 h) or subculture (48 h), would confirm group A streptococci. For this reason, rapid tests which screen for the presence of group A streptococci in the throat have been developed and are popular in the clinical setting (170, 303) . Facklam has recently reviewed the currently available group A screening tests and discusses their sensitivity and specificity in comparison with the conventional methods (170) . It is beyond the scope of this review to describe the many tests available for identification of group A streptococci from throat swabs. However, the most rapid tests take 5 to 30 min and use some form of nitrous acid or enzymatic extraction of the group A carbohydrate (170) . Fluorescent-antibody and genetic probe tests can be performed directly on throat swabs but are not easily adapted to the clinical setting. Once extracted, the group A carbohydrate antigen is detected by one of four methods, including slide agglutination, enzyme-linked immunosorbent assay (ELISA), optical immunoassay, and a modified one-step ELISA procedure (170) .
M protein and T typing: development of a molecular biology approach. Streptococcal M protein, which extends from the cell membrane of group A streptococci, has been used to divide S. pyogenes into serotypes. Quite a number of years ago, Lancefield designed a serotyping system for the identification of the M protein serotypes (317) . The method consisted of treating group A streptococci grown in Todd-Hewitt broth with boiling 0.1 N HCl. This method extracted the group A carbohydrate, M protein, and cell wall, and the clarified extract was used in capillary precipitin tests to determine the M protein serotype with standardized typing sera. The N-terminal region of the M protein has been demonstrated to contain the typespecific moiety and is recognized by specific typing sera in the precipitin test (28, 179, 271, 318) . There were several difficulties with M serotyping, including ambiguities in the results, discovery of new M types, difficulty in obtaining high-titered antisera against opacity factor-positive strains, and the availability and high cost of preparing high-titered antisera for all known serotypes (170) . Currently, more than 80 different serotypes of M protein have been identified (170) .
Because of the difficulty in preparation of M-typing antisera, an alternative to the preparation of M-typing antisera has been developed (518, 559, 560) . Approximately half of group A streptococci produce opacity factor, a lipoproteinase which causes various types of mammalian serum to increase in opacity. Antibodies against the opacity factor are type specific and correlate with the M type. By using an opacity factor inhibition test, the M type of a group A streptococcus can be determined by determining the type of opacity factor (518, 559, 560).
The T protein antigen is present at the surface of the group A streptococci along with the M and R protein antigens. Although the genes for the M (see section on M protein) and T proteins (272, 470) have been investigated, the R protein sequence has not been elucidated. Although there is homology between tee genes, there is a much greater diversity among them compared with emm genes (272) . Unlike the M protein, the most conserved region appeared to reside in the aminoterminal half of the T protein molecule. These observations were made from comparison of 25 different T types (272) . In addition, the T protein was not present in streptococcal groups C and G.
In the laboratory, the T typing assay is performed as an agglutination test. The T typing of group A streptococci has been important in the investigation of epidemiology of group A streptococcal infections and has identified strains associated with outbreaks when the M type was not identifiable. Because certain M and emm types are associated with certain T types, the testing for M or emm type can be shortened by knowledge of the T type. Most (Ͼ95%) group A streptococci have welldefined T-type antigens, and certain T serotypes are associated with each of the specific M protein serotypes (34, 36) . The use of T typing in addition to emm gene sequence analysis allows the identification of strain diversity. This type of characterization of group A streptococcal isolates is extremely important in the current climate of emerging invasive disease and sequelae.
Recently, a molecular biology approach has been developed for the identification of M protein serotypes (35) . In this study, the emm types of 95 known M serotypes (reference strains) and 74 of 77 clinical isolates were identified by rapid PCR analysis. A nucleotide primer pair was used for amplification and identification of the emm allele. Of the 95 reference strains analyzed, 81 closely matched sequences in GenBank, 5 were new gene sequences added to GenBank, and the rest had small discrepancies which will be resolved. In general, a good correlation was seen between the known serotype and the identification by emm gene sequencing by the rapid PCR technique. This technique has advantages over hybridization techniques, where problems arise in identification of new genes or hybrid M protein molecules which result from interstrain recombination (553) . Recently, rapid hybridization techniques utilizing emm-specific oligonucleotide probes have been shown to be useful in identification of M protein serotypes (289) . Information on emm types can be accessed through the internet at http://www.cdc.gov/hcidod/biotech/infotech_hp.html.
Serological Diagnosis of Streptococcal Infection:
Anti-Streptolysin O, Anti-DNase B, and Other Diagnostic Antibodies
The host responds immunologically to streptococcal infection with a plethora of antibodies against many streptococcal cellular and extracellular components. Host responses against the M protein serotype protect against reinfection with that particular serotype. Routinely, serotype-specific antibodies are measured only for research purposes and not for diagnosis of streptococcal infection. Responses against other cellular components are observed, including antibodies against the cell wall mucopeptide, the group A streptococcal carbohydrate moieties N-acetylglucosamine and rhamnose, and the other protein cell wall antigens R and T. None of the cell wall antigens are used in the routine diagnosis of group A streptococcal infections.
Serological diagnosis of group A streptococcal infections is based on immune responses against the extracellular products streptolysin O, DNase B, hyaluronidase, NADase, and streptokinase, which induce strong immune responses in the infected host (507) . Anti-streptolysin O (ASO) is the antibody response most often examined in serological tests to confirm antecedent streptococcal infection. Todd developed the assay for ASO antibodies by 1932 (520) . An increase in the ASO titer of Ն166 Todd units is generally accepted as evidence of a group A streptococcal infection. In previous studies it has been shown that infants are born with maternal levels of antistreptococcal antibodies and that infants develop streptococcal infections after the first year of life. ASO antibodies may not demonstrate a detectable rise in 1-to 3-year-olds, who have had few previous group A streptococcal infections (349) . At Ͻ2 years of age, Ͼ50% of the patients had ASO titers of Ͻ50 Todd units, and none of the patients had titers above 166 (349) . In the same study, older school-age children developed higher ASO titers. All five of the extracellular streptococcal enzymes may become significantly elevated over normal levels during a streptococcal infection. Although the ASO titer is the standard serological assay for confirmation of a group A streptococcal infection, assay of several of the enzymes enhances the chance for a positive test if the patient did not produce high levels of antibody against one or more of the extracellular enzymes. In general, the titers of antibodies against the extracellular products parallel each other; however, exceptions may be seen in infections with pyoderma or nephritogenic strains, when the anti-DNase B titers have been found to be a reliable indicator of streptococcal infection (507) . Infection of the skin does not always elicit a strong ASO response.
Confirmation of a group A streptococcal infection is imperative for the diagnosis of rheumatic fever, since most often streptococci cannot be cultured from the pharynx. In rheumatic fever, approximately 80% of the patients will have an elevated ASO titer (Ͼ200 Todd units) at 2 months after onset (61) . If an anti-DNase B or antihyaluronidase assay is performed on sera from these patients, the number of patients with at least one positive antistreptococcal enzyme titer rises to 95%. Thus, most acute rheumatic fever cases demonstrate an elevated ASO titer with some exceptions which require more than one antibody test to detect previous group A streptococcal infection. The streptozyme test was developed some years ago as a hemagglutination assay for the detection of multiple antibodies against extracellular products such as anti-streptolysin O, anti-DNase B, antihyaluronidase, antistreptokinase, or anti-NADase, and it is used clinically in some laboratories as an additional diagnostic test (61) .
PATHOGENESIS: INTERACTION BETWEEN HOST AND PATHOGEN

Adherence and Colonization
Host-pathogen interactions occur due to binding of surface streptococcal ligands to specific receptors on host cells. Attachment of group A streptococci to pharyngeal or dermal epithelial cells is the most important initial step in colonization of the host. Without strong adherence mechanisms, group A streptococci could not attach to host tissues and would be removed by mucous and salivary fluid flow mechanisms and exfoliation of the epithelium. In skin attachment and colonization by group A streptococci, a site of previous damage may be important in overcoming the dermal barrier. Specific adhesion allows competition between normal flora and group A streptococci for tissue sites where normal flora reside. The investigation of adherence determinants of both streptococcal and host cells is vital to the understanding of pathogenic mechanisms in disease and in the development of antiadhesive therapies or vaccines to prevent colonization. Immunization or exposure of humans or animals to microbial adhesins may induce antibodies which concentrate in the mucosal layer and block adherence and colonization at the mucosal epithelium.
The adhesion process involves multiple group A streptococcal adhesins reported by several investigators as detailed below and described in excellent reviews (19, 108, 226, 227) . Adherence has been outlined in these reviews as an initial weak interaction with the mucosa which is followed by a second adherence event which confers tissue specificity and high-avidity adherence (227) . In addition, one could speculate that the presence of multiple adhesins in strains could give them the advantage of more avid adherence and potentially enhanced virulence.
Although not yet well understood, environmental factors expressed in a particular body site may be important cues for expression of adhesins important for colonization of a tissue-specific site. It is possible that movement of streptococci from the mucosa or skin into deeper tissues may be facilitated by specialized adhesion mechanisms. Recent studies indicate that adherence to particular types of host cells may induce localized cytokine production and inflammatory responses (110, 536) .
Multiple adhesins. In early studies of bacterial adherence, Ellen and Gibbons suggested that an adhesin was associated with the M protein fimbriae on the surface of the group A streptococci (168, 169) . Shortly thereafter, Beachey and Ofek published the first paper describing lipoteichoic acid (LTA) as an adhesin (27) . Their data suggested that M protein was not the adhesin, but that LTA, an amphipathic molecule, was the adhesin for buccal epithelial cells. In these first studies of LTA, experiments characterizing adhesion were established (27) . Antibody against LTA on the group A streptococci blocked adhesion to epithelial cells, and LTA, when reacted with epithelial cells, saturated the epithelial cell adhesin and inhibited adherence. Later, fibronectin was identified as the epithelial cell receptor binding LTA (488) . In these studies, fibronectin was found to inhibit adhesion of group A streptococci to epithelial cells, and antifibronectin was found to block the binding of streptococci to epithelial cells. The LTA molecule was found to act as an adhesin by reacting with molecules on the streptococcal surface, such as the M protein, through its negatively charged polyglycerol phosphate backbone and positively charged residues of surface proteins. The lipid moiety of LTA projected outward and interacted with fatty acid-binding sites on fibronectin and epithelial cells (397) . Evidence suggested that LTA accounted for approximately 60% of adhesion to epithelial cells, indicating that other adhesins were involved in the adherence of group A streptococci to epithelial cells. In a recent review (226), Hasty and Courtney state that at least 11 adhesins have been described for group A streptococci, including M protein (90, 136, 168, 169, 401, 540) , LTA (106, 109, 111, 398, 488, 489) , protein F/Sfb (223, 224), a 29-kDa fibronectinbinding protein (105) , glyceraldehyde-3-phosphate dehydrogenase (412, 563) , a 70-kDa galactose-binding protein (201, 535) , a vitronectin-binding protein (526) , a collagen-binding protein (533) , serum opacity factor (310), a 54-kDa fibronectin binding-protein, FBP54 (109) , and the hyaluronate capsule (549) . Several extracellular host cell proteins have been implicated in attachment or adherence to group A streptococci, including fibronectin (105, 488) , fibrinogen (463) , collagen (533), vitronectin (526), a fucosylated glycoprotein (541) , and integral membrane proteins including CD46, the membrane cofactor protein on keratinocytes (400), and CD44, the hyaluronatebinding receptor on keratinocytes (471) . Table 1 summarizes the streptococcal adhesins and host receptors described previously.
As previously discussed, the group A streptococcal M protein has been implicated as an adhesin since the early work of Ellen and Gibbons (168, 169) . Studies of isogenic M-positive and M-negative strains indicate that the M-positive strains adhered to HEp-2 cells while the M-negative strains demonstrated greatly reduced adherence (109) . Neither M-negative nor M-positive isogenic strains bind to buccal epithelial cells (90) . Hollingshead found that M protein was required for persistence of group A streptococci in a rat model of infection (240) . Hasty et al. have demonstrated that adherence of M protein to HEp-2 cells stimulates the release of interleukin-6 (IL-6) and potential localized inflammatory responses (Table  1) (110) .
The M protein is important for attachment to keratinocytes in skin infections (401) . Keratinocytes in the skin bind to the C repeat region of M protein (418) . When the C1 and C2 repeats were deleted, the M protein was decreased in its ability to bind keratinocytes (418) . Membrane cofactor protein (CD46) has been demonstrated to be a receptor on keratinocytes for the streptococcal M protein. CD46 binds M protein through factor H-like repeats present in CD46 (400) . The importance of CD46 as a cellular receptor for group A streptococci is uncertain, as transfection of L cells with cDNA encoding human CD46 failed to increase binding of group A streptococci ex-pressing type 3, 6, or 18 M protein (41) . Attachment of group A streptococci to the skin may involve different adhesive mechanisms from those required for colonization of the pharynx. This hypothesis has not been widely investigated but is important in the understanding of the pathogenesis of skin and throat strains. In addition, the role of M protein in adherence appears to depend on the M protein serotype and host cell source, such as the pharynx or skin (471) .
Of all the adhesins studied, M protein and LTA were the only adhesins known to prevent colonization in animals, and their antibodies protected against lethal infection by group A streptococci (106, 226) . However, recently it was shown that SfbI, also known as protein F, induced a protective response in the serum and lungs of animals vaccinated intranasally with SfbI. SfbI-treated animals were protected against homologous and heterologous serotypes of group A streptococci (219) . Both M protein and LTA block binding to HEp-2 cells (111) . Studies by Bessen and Fischetti demonstrated that antibodies against the C repeat region of M protein protected animals against mucosal challenge and colonization with group A streptococci of multiple serotypes (49) . In fact, in an intact organism these domains are exposed on the cell surface and accessible to antibody.
Other streptococcal adhesins which bind fibronectin are protein F (SfbI) (401), fibronectin-binding protein FBP54 (107, 109) , and serum opacity factor (311, 446) . Protein F and fibronectin each have two different adhesive domains (480) and appear to be involved in binding to the dermis and Langerhans cells (401) . The two fibronectin-binding domains in protein F have sequence homology with fibronectin-binding repeats described in other bacteria. Protein F was expressed in 75 to 80% of the streptococci investigated (382) and is regulated by a superoxide signal (203) . Evidence supporting this hypothesis is that protein F was found to be overexpressed in superoxide dismutase deletion mutants (203) . Thus, superoxide availability appears to be an environmental cue for protein F expression. The role of protein F in virulence is not known, but it is definitely a streptococcal adhesin and mediates internalization of group A streptococci into nonphagocytic cells (219) . Caparon and colleagues have also found that constitutive expression of fibronectin binding in group A streptococci is in response to growth under anaerobic conditions and activation of rofA, a potential regulator of adhesion (188) . Adherence of streptococci to keratinocytes upregulates production of the inflammatory mediators IL-1 and prostaglandin E2 (536) . Induction of proinflammatory responses in keratinocytes is associated with adherence of streptococci and their production of streptolysin O (458) .
FBP54 is expressed on the surface of group A streptococci and binds to fibronectin (107, 109) . The fibronectin-binding domain was identified in the first 89 residues of FBP54. Antibodies to FBP54 were present in sera from patients with streptococcal disease, and it was not expressed by some strains of group A streptococci (108) .
The mechanisms of adhesion by group A streptococci must be accommodated in a hypothetical model. The model most often described is that of Courtney and Hasty and colleagues (108, 226, 227) . They describe adhesion as two steps, one of which is relatively weak and overcomes electrostatic repulsion. They suggest that LTA is the mediator of the first-step adhesion. Second-step adhesion may then involve M protein, FBP54, protein F, opacity factor, and any number of other adhesins which have been described. The model must take into account the fact that the adhesins may differ in the throat and skin due to the presence or absence of receptor ligands and to the cues required to induce expression of an adhesin in a particular environment. In addition, changes in host cells caused by the presence of proinflammatory cytokines may change conditions for host cell adherence.
Intracellular Invasion
In the past few years, new evidence suggested that group A streptococci not only adhere to epithelial cells but also invade them (324) . LaPenta and colleagues demonstrated that group A streptococci have the potential to invade human epithelial cells at frequencies equal to or greater than classical intracellular bacterial pathogens, such as Listeria and Salmonella spp. (324) . This initial report generated considerable interest and was confirmed by several laboratories (187, 211, 261, 365) . Figure 1 illustrates invasion of epithelial cells by group A streptococci (187) . High-frequency invasion requires expression of M protein (118) and/or fibronectin-binding proteins such as SfbI (261, 365) . Both the M1 protein and SFbI are considered invasins because latex beads coated with either protein are efficiently internalized by epithelial cells. In addi- (515) and will induce ingestion of M1 streptococci, independent of serum and fibronectin. Small peptides with the RGD amino acid sequence stimulate uptake in the absence of serum and M protein. The fact that group A streptococci evolved multiple routes to the interior of epithelial cells is a strong indication that intracellular invasion plays an important role in their pathogenesis. The most direct evidence that intracellular invasion is more than a laboratory phenomenon comes from studies of patients with recurrent tonsillitis. Failure to eradicate streptococci from the throat in pharyngotonsillitis occurs in approximately 30% of cases (348, 421) . Osterlund and colleagues showed that tonsils excised from such individuals harbored intracellular group A streptococci (403) . Others report that strains isolated from carriers are exceptionally able to invade HEp-2 cells in vitro (364) . The reason for invasion of host cells is not entirely clear, although the streptococci may find the intracellular environment to be a good place to avoid host defense mechanisms. Therefore, internalization of streptococci may lead to carriage and persistence of streptococcal infection. In further studies, an association of the presence of the fibronectin-binding gene prtF1 with streptococcal strains from antibiotic treatment failures was found (383) . In the treatment failures, 92.3% of the strains contained the prtF1 gene, while 29.6% of strains from eradicated infections did not.
Two theories have been proposed for the role of internalization of group A streptococci in disease pathogenesis. It has been suggested to potentially play a role in the carriage and persistence of streptococci, as stated above. Second, studies suggest that internalization may lead to invasion of deeper tissues (324) , while other studies have found that low virulence was associated with internalization (472) . Perhaps both theories are correct depending on the virulence and properties of the invading bacterium and whether the invasion is of the throat or skin epithelium. It is also possible that internalization of group A streptococci by host epithelial cells represents successful containment of the pathogen by the host. This hypothesis is supported by the observation that poorly encapsulated strains are internalized most efficiently but are relatively avirulent in infection models (472) . Future study of these and other questions about intracellular invasion will no doubt yield new and unexpected clues to the role of internalization in the pathogenesis of group A streptococci.
Host Response to Infection: Opsonization and Phagocytosis
It is well established that group A streptococci are antiphagocytic due to surface exposed M protein and hyaluronic acid capsule (368, 551) . Two mechanisms have been proposed to explain the antiphagocytic behavior of M-positive streptococci. One mechanism is the binding of factor H, which inhibits the activation of the complement pathway (246) . Factor H is a regulatory component of the complement pathway, which inhibits the deposition of soluble C3b. Factor H binds to the C repeat region of the M proteins, and deletion of the C1 and C2 repeat regions reduces factor H binding (418) .
The antiphagocytic behavior of group A streptococci is also mediated by the binding of fibrinogen to the surface of M protein (555) (556) (557) . Fibrinogen binding to the surface of group A streptococci blocks the activation of complement via the alternate pathway and greatly reduces the amount of C3b bound to streptococci, which therefore reduces phagocytosis by polymorphonuclear leukocytes (247) . Type-specific M protein antibodies overcome this effect by binding to the exposed N-terminal M protein epitopes. This results in activation of the classical complement pathway, deposition of C3b, and subsequent phagocytosis. Figure 2 illustrates opsonization of group A streptococci by M type-specific antibody and complement.
In addition to the antiphagocytic properties of the M protein, other surface molecules contribute to resistance to phagocytosis by the group A streptococcus. Recent studies have shown that mutations in Mrp (M-related protein) affect resistance to phagocytosis compared with wild-type strains, and in fact, insertion mutations in any one of the genes emm-49, enn-49, and mrp-49 resulted in reduced resistance to phagocytosis in human blood and purified polymorphonuclear leukocytes (PMNs) (425) . From these results Podbielski suggested that resistance to phagocytosis depended on the cooperative effects of all three genes. Further studies by Ji, Cleary, and colleagues confirmed this hypothesis by demonstrating that failure to produce all three M-like proteins, M49, Mrp, and Enn-49, reduced resistance to phagocytosis but did not alter the persistence of streptococci at the oral mucosa (266) .
It was found that C5a-activated PMNs were able to kill M-positive streptococci. It has been shown previously that C5a alters the clearance and trafficking of group A streptococci during infection (265) . By inactivating C5a, C5a peptidase blocks chemotaxis of PMNs and mononuclear phagocytes to the site of infection (265, 552) , while the M protein is limiting the deposition of complement on the surface of the streptococci (260) . Therefore, the multiple mechanisms involved in resistance to phagocytosis in a bacterium where antiphagocytic behavior is essential for survival may have only recently been appreciated.
Extracellular Surface Molecules and Virulence Factors
The group A streptococci are covered with an outer hyaluronic acid capsule (298) , while the group A carbohydrate antigen and the type-specific M protein are attached to the bacterial cell wall and membrane, as shown in Fig. 3 . Both the M protein and the capsule are considered virulence factors conferring antiphagocytic properties upon the streptococcal cell (179, 189, 368) .
Hyaluronic acid capsule. The group A streptococcal capsule is composed of a polymer of hyaluronic acid containing repeating units of glucuronic acid and N-acetylglucosamine (509) . Synthesis of the polymer involves the products of three genes, hasA, hasB, and hasC, which are all in the same operon (161) . The hasA gene encodes hyaluronate synthase (152, 163) ; hasB encodes UDP-glucose dehydrogenase (162) ; and hasC encodes UDP-glucose pyrophosphorylase (112) . The expression of the has genes is transcriptionally controlled. The three has genes are transcribed as a single message from the promotor upstream of hasA (113) . However, only hasA and hasB are required for capsule expression in group A streptococci (15) .
The hyaluronic acid capsule is required for resistance to phagocytosis (549) . Acapsular mutant strains were altered in their virulence and colonization capacities in animal models (256, 466, 549) . Acapsular mutants of serotypes M18 and M24 had drastically reduced virulence in mice after intraperitoneal challenge (549, 551) . In a mouse model of skin infection, encapsulated M24 strain Vaughn produced dermal necrosis with purulent inflammation and bacteremia, while the acapsular M 24 strain produced no lesions or minor superficial inflammation with no bacteremia (472) . In addition, the capsule may be an important adherence factor in the pharynx, since it binds CD44 on epithelial cells (471) . Streptococcal isolates vary in the amount of hyaluronic acid capsule that they produce, which could be related to the has operon promotor. The promoter was more active in a well-encapsulated strain and less active in a poorly encapsulated strain (8) . Most recently, Levin and Wessels have demonstrated a negative regulator (CsrR) of hyaluronate synthesis which is part of a two-component regulatory system influencing capsule production and virulence (327) . Epidemiologic evidence linking highly mucoid strains with rheumatic fever and severe invasive streptococcal disease suggests that the capsule could play an important role in invasive infections in humans (267) . The studies described above also recognize the capsule as a major virulence determinant in conjunction with the streptococcal M protein. Studies of type 18 and type 24 streptococci indicated that the hyaluronate capsule and M proteins were variably important in resistance of different group A streptococci to phagocytosis and that opsonization with C3 did not always lead to phagocytosis and killing (146) .
Although hyaluronic acid is identical to the polysaccharide in bovine vitreous humor and human umbilical cord and has been defined as a weak immunogen due to similarity to self, immunization of animals has been shown to elicit antihyaluronate antibodies (175, 176) . The fact that the capsule is antiphagocytic and promotes resistance to phagocytosis is supported by data demonstrating that hyaluronidase treatment of encapsulated streptococci increases their susceptibility to phagocytosis (190, 457) . However, anticapsule antibody is not opsonic and does not protect against infection by neutralizing the antiphagocytic effects of the capsule. More recent work provides definitive evidence that the capsule is a major virulence determinant involved in resistance to phagocytosis (146, 368, 550) . The mechanism of resistance to phagocytosis does not appear to be due to effects on the amount of complement component C3 deposited on the surface of the streptococci (146) . The mechanism may be due to the physical barrier of the capsule in preventing access of phagocytes to opsonic complement proteins bound to the bacterial surface.
M protein.
The group A streptococcal M proteins have been studied extensively since their discovery (317) (318) (319) (320) . Two excellent comprehensive reviews by Fischetti describe the characteristics of the M protein molecule in detail (177, 179) . The M protein is a major surface protein and virulence factor of group A streptococci, with more than 80 distinct serotypes identified. The amino-terminal region extends from the surface of the streptococcal wall, while the carboxy-terminal region is within the membrane. The M protein is anchored in the cell membrane by the LPSTGE motif identified by Fischetti and colleagues (183) . The M protein extends from the cell surface as an alpha-helical coiled-coil dimer which appears as fibrils on the surface of group A streptococci (419) (Fig. 4) .
Over the past 60 years, new procedures have been developed to obtain purified M protein. Beachey and Cunningham investigated the treatment of M protein with pepsin at suboptimal pH (125) , which led to the development of a pepsin-extracted M protein, PepM protein (25) . Pepsin-extracted M proteins have been used to study the M protein molecule due to the ease of the extraction procedure. The method releases the amino-terminal half of the M protein molecule from the surface of the streptococci. Although the PepM protein will appear to be nearly purified on polyacrylamide gel electrophoresis, the preparation contains traces of other streptococcal molecules. Other procedures which have been used to extract M proteins from the streptococcal surface include boiling HCl (318), sonic oscillation (43), alkali treatment (194) , isoelectric focusing (124), group C bacteriophage-associated lysin (185), nonionic detergent (181), nitrous acid (222), cyanogen bromide cleavage (534) , and guanidine hydrochloride extraction (459) . The extraction and purification of M proteins attempted to obtain more homogeneous preparations, but it was not until later that the very heterogeneous banding patterns of the extracted M proteins was overcome through the use of PepM proteins and recombinant M proteins. Even after purification, recombinant M proteins demonstrated multiple banding. It was deduced from the data obtained from PepM protein that the phenomenon of multiple banding of the purified M protein was associated with the C-terminal end.
Structural studies of the streptococcal M protein were begun in the late 1970s and early 1980s by Beachey and colleagues (29, 30, 32) and Manjula, Fischetti, and colleagues (342, 344) when the technology of protein chemistry was used to obtain the amino acid sequence of peptide fragments of the M proteins. M protein types 24, 5, and 6 were investigated first and their sequences were elucidated. From these sequence data and the previously known amino acid sequence data, Fischetti and Manjula defined the alpha-helical coiled-coil structure of the M proteins and their heptad repeating structure, which was quite similar to the alpha-helical coiled-coil structure in host tissue proteins such as tropomyosin and the keratin-desminvimentin and keratin-myosin-epidermin-fibrinogen families of molecules (343, 345, 346) .
The age of molecular biology brought cloning technology to the study of streptococcal antigens, and the emm genes from M types 24, 5, 6, and 12 and group G were cloned and their nucleotide sequences were deduced (58, 236, 297, 369, 454) . The cloning and sequencing of the emm genes (58, 236, 297, 370, 454, 477) revealed repeating sequence motifs within (i) the N-terminal region, (ii) the midmolecule region and pepsinsensitive region, and (iii) the conserved carboxy-terminal region. The N-terminal region, called the A repeat region, confers serotype specificity on the group A streptococcus and was found to be highly variable among M protein serotypes. The midregion was also variable and was called the B repeat region (179) . The carboxy-terminal region also contained amino acid sequence repeats which extend throughout the carboxy-terminal one-third of the molecule. sin cleavage site. Using molecular probes, Hollingshead, Fischetti, and Scott (237) determined that the highly conserved carboxy-terminal region of M protein contained sequence homology shared among most of the M protein serotypes. Information about the carboxy-terminal region of the molecule was not known until the gene for M protein (emm) was cloned and expressed in Escherichia coli (477) . Size variation among M proteins and within a serotype is dependent on the number of repeating units in the A and B repeat regions (179) . Variations can occur in the number and size of the repeat blocks within the M protein amino acid sequence. Fischetti reported that streptococcal isolates taken weekly from throats of patients were found in electrophoretic gels to exhibit changes in size of the M protein molecule (179) . Such changes in size may provide the bacterium with a selective advantage, as it would change antigenically and not be recognized by host antibody.
Functionally, the M proteins inhibit phagocytosis, which is a primary virulence mechanism for survival in tissues. Absence of the emm gene allowed rapid phagocytosis of the streptococcus (479, 511) . Introduction of the emm gene into an Mnegative strain converted it to an M-positive strain and restored resistance to phagocytosis to the M-negative strain (416, 478) . The antiphagocytic activity of M protein is due to its binding of complement regulatory protein factor H (246, 418) and fibrinogen (555, 556) as described above. The binding of fibrinogen also leads to the acquisition and activation of plasminogen, which is then converted by streptokinase to active plasmin (97, 334) . Human kininogen has also been reported to bind to M protein with the subsequent release of bradykinin, a vasoactive peptide released in plasma (38, 39) . In a recent review (108), Courtney and colleagues point out that not all M proteins exhibit the same structures or functions, since M3 protein binds fibronectin (469), while M5 and M24 proteins do not (109) .
M proteins have been divided into class I and class II molecules (50, 52) . The division of the M proteins into two classes is based on their reaction with antibodies (such as anti-M protein MAb 10B6) against the C repeat region of M protein.
Class I M proteins are reported to contain a surface-exposed epitope on whole group A streptococci that reacts with the antibodies against the C repeat region. Streptococcal strains containing the class II M proteins do not react with these antibodies and do not contain the class I epitope (50, 52) . In addition, the class I M protein serotypes were opacity factor negative, while the class II serotypes were opacity factor positive. In studies of 130 streptococcal isolates, there was a strong correlation between serotypes known to produce rheumatic fever and the presence of the class I epitope (50, 52) . In fact, serologic data suggest that rheumatic fever patients were recently infected with a class I group A streptococcal strain (57) . These data correlate with the M-associated protein (MAP) I and II antigen profiles and may be the basis of the MAP reactivity previously studied by Widdowson (558, 561) . Antibodies against the heart in rheumatic fever were associated with the MAP I antigen. Bisno has reported that there is a strong correlation between streptococcal serotype and the occurrence of rheumatic fever (60) . The epidemiologic data have led to the proposal that group A streptococci associated with acute rheumatic fever outbreaks harbor a unique antigen or epitope that is associated with the development of acute rheumatic fever and carditis in the susceptible host.
Using nearly the entire M6 gene sequence or parts thereof, homology between M6 protein and the M proteins of streptococcal groups C and G was found (479) . The M proteins from strains producing human disease appear to be structurally and functionally similar (492) . In addition, other streptococcal proteins which were not M proteins shared sequence homologies with the group A streptococcal M protein. One of the first to be recognized was protein G from group G streptococci. Protein G is an IgG-binding protein which binds albumin and all four subclasses of human and animal IgG (5). Likewise, protein A, an IgG-binding protein from staphylococci, shares regions of homology with M proteins in the carboxy-terminal region. In further studies of the C-terminal region of M proteins, Pancholi and Fischetti discovered that gram-positive surface proteins have a similar C-terminal region that is responsible for attachment. This region is composed of a charged C terminus followed by a hydrophobic domain and a highly conserved LPXTGX motif (183) . The similarities among these proteins of gram-positive cocci reside in the carboxy-terminal region near the membrane anchor.
Immunity to the M protein is protective against group A streptococcal infection and has led to the study of M protein vaccines (54, 142) . The immune response against the alphahelical M protein is a two-edged sword, leading to production of protective antibody which promotes phagocytosis and killing (179, 318) as well as antibodies which may react with host tissues (122, 132, 137, 140) . The M protein has been and will continue to be the subject of intensive investigation due to its role as a major virulence factor and its potential as a vaccine against streptococcal infections. cytic behavior. According to Hollingshead and colleagues (238) , more than 20 genes have been identified in the emm gene superfamily, in which the genes shared greater than 70% DNA sequence identity at their 5Ј ends (238) . The highly conserved identity is found within three distinct domains in the cell-associated region of the M protein molecule. These domains include domain H, which may serve to anchor the protein in the membrane; the peptidoglycan-associated domain; and the cell wall-associated domain. The domains are all highly conserved among emm gene products compared with the other regions of the molecules which are surface exposed (238) . These domains do not include the C repeat region of M proteins, which can be divided into class I and class II M proteins depending on the presence of the class I epitope detected by MAb 10B6 and others (50, 52) . Phylogenetic analysis of the region has revealed four major lineages, designated subfamilies SF1 through SF4, that contain differences in the peptidoglycan-spanning domain of the M or M-like protein (53, 238, 239) . Five major emm chromosomal patterns of the subfamily genes were identified based on the number and arrangement of the emm subfamily genes (56) . These subfamily gene arrangement patterns were designated A through E. A given strain has one, two, or three emm or emm-like genes that are tandemly arranged on the chromosome near the positive transcriptional regulator called the multiple gene regulator of group A streptococci (mga). The emm gene patterns display several phenotypes. Table 2 summarizes the patterns of emm genes associated with skin and throat infections.
The immunoglobulin-binding proteins identified for group A streptococci are encoded by emm or emm-related genes which express M proteins or M-like proteins, respectively. Immunoglobulin-binding proteins have structural characteristics similar to those defined above for M-related proteins. They are M-like molecules which interact with immunoglobulins outside their antigen-combining site in the Fc region of the immunoglobulin molecule. Approximately six functional types of IgGbinding proteins expressed by gram-positive bacteria have been reviewed by Boyle (67) . Group A streptococci express type II Fc binding receptors on their cell surface, which are further classified by the subclass of IgG with which they react. The type II Fc-binding proteins generally bind to human, rabbit, and pig immunoglobulins most strongly but not to mouse, rat, goat, cat, or dog immunoglobulins. Weak binding to cow and sheep immunoglobulins is seen (67) . Boyle classified the streptococcal IgG-binding proteins into types, IIo, IIЈo, IIa, IIb, and IIc, based on the subclasses bound from different species, including humans (408) . In addition, IgA-binding proteins may be expressed by group A streptococci (67) . Other streptococcal groups may express immunoglobulin-binding proteins, but in general their binding profiles with immunoglobulins from different species are different from that of group A streptococcal immunoglobulin-binding proteins.
Heath and Cleary cloned and sequenced the first group A streptococcal IgG-binding protein gene, the fcrA gene. The fcrA gene in strain CS110 expressed a protein which bound IgG1, IgG2, and IgG4 (230, 422) and was a type IIa IgGbinding protein based on the Boyle classification scheme described previously (408) . Quite a number of IgG-binding proteins have been identified (6, 207, 230) Streptococcal Genet., abstr. M74). Genetic studies have suggested that a common ancestral gene has undergone gene duplication to produce the diversified family of immunoglobulin-binding proteins (197, 220, 231, 238, 262, 296, 424) . Table  3 summarizes the emm gene superfamily of related molecules. The genes encoding the immunoglobulin-binding proteins are controlled by mga, a positive transcriptional regulator also controlling expression of M protein.
Analysis of the immunoglobulin-binding domains suggests that they are distinct regions of the M and M-related proteins. 
a Similarities of genes in the emm gene superfamily include the amino-terminal leader sequence and carboxy-terminal anchor; a peptidoglycan-spanning region rich in proline, glycine, serine, and threonine residues; tandemly arranged amino acid sequence repeats; and a seven-residue periodicity in amino acid placement (238) . The fcrA gene encodes a type IIa immunoglobulin-binding protein, mrp encodes an M-related protein that binds to IgG and fibrinogen, emmL encodes a protein that binds IgG, sir and arp encode IgA-binding proteins, and that encoded by sir can also bind to IgG; enn encodes a protein that binds either IgG3 or IgA, and sph encodes protein H, which binds IgG. The central gene contains emm gene sequence at the 5Ј end. The class I epitope is found in the C repeat region of central SF1 emm genes (44, 50, 52, 56, 238, 239) . Members of the emm gene family in group A streptococci encode antiphagocytic cell surface proteins and/or immunoglobulin-binding proteins (239) . IgG binding is observed for almost all of the genes listed above in at least one or more strains, but not all are antiphagocytic. The emm gene immunoglobulin-binding product varies in human subclass specificity. For example, SF4 usually binds human IgG1, -2, and -4 but not IgG3. Some emm gene products only bind IgG3, while others bind all four human subclasses. The nomenclature scheme devised by Boyle includes characterization by immunoglobulin binding to human as well as other immunoglobulin species (408) . Boyle classification is types IIo, IIЈo, IIa, IIb, and IIc based on the subclasses of immunoglobulins bound from different species (408) .
b IgA binding is restricted to pattern E in either the SF2 or SF3 gene, depending on the strain. The emm gene immunoglobulin-binding product varies in human subclass specificity.
In addition, the M and M-like proteins may contain unique domains which bind other plasma proteins, such as albumin, factor H, fibrinogen, and plasminogen as well as IgG and IgA. Structural domains that are similar in all M and M-like proteins reside in the carboxy-terminal two-thirds of the molecule or C repeat region, as described above for M proteins. Recent reviews by Boyle (68) and Kehoe (296) are available on the subject. A single protein may contain multiple unique binding functions. Boyle suggests that this variation in the surface M and M-like proteins may confer a particular pathogenic profile and allow variation in the protein as a virulence strategy (68) . Likewise, Bessen and Fischetti (45, 55) have suggested that each unique combination of domains imparts a unique virulence profile to a particular streptococcal strain. Boyle suggests that these multifunctional M or M-like proteins enable the organism to sense its environment and then express the appropriate virulence factors accordingly. Such variation may lead to temporary avoidance of the host antibody defense against the extracellular streptococcal pathogen until specific antibody to the variation can be generated.
The role of immunoglobulin-binding proteins in virulence has been studied in the mouse air sac model of skin infection. When strains carrying insertionally inactivated emm or mrp (M-related protein) genes were compared to the wild-type isogenic strain for virulence in skin infection, the loss of emm gene expression resulted in a loss of virulence (71) . Loss of the emm gene product resulted in a significant loss of virulence when the isolate was injected into the skin, while no loss of virulence was observed when the isolate was injected intraperitoneally. Similar results were observed for the 64/14 strain and the M2 strain, for which isogenic mutants lacking expression of emm or mrp were created and tested in the skin infection model (71, 467) . Expression of the IgG-binding proteins was associated with more resistance to phagocytosis, survival in blood, and more invasiveness in the skin infection model (425, 442, 443) .
Studies of throat-and skin-derived streptococcal isolates show that human IgG-binding activity was associated with all impetigo isolates tested whether isolated from the throat or skin (45, 52) . Expression of class II M proteins and opacity factor was almost always accompanied by expression of the human IgG-binding receptor irrespective of the site of infection. By contrast, all class I isolates were lacking expression of IgG-binding receptors. Thus, there was a strong correlation between class I or II M proteins, tissue site of isolation, and IgG binding by the streptococcal strain (44, 52) .
In studies of invasive M1 isolates, Raeder and Boyle found that there were two immunoglobulin-binding phenotypes among group A streptococcal M1 isolates from invasive disease (441, 444) . One group of the M1 isolates bound all four human IgG subclasses (type IIo), while the second group of M1 strains bound only IgG3 (type IIb). In these isolates, the M1 protein is the major IgG-binding protein (468) . Differences among the M1 isolates may help explain their pathogenic potential. Evaluation of the M1 phenotypes in the mouse air sac model of skin infection revealed that the M1 phenotype IIo was more invasive than the IIb phenotype (444) . The IIb phenotype changed to the IIo phenotype in the blood and spleens of mice injected with the IIb phenotype (444) . The IgG-binding phenotype predicted severity of invasive skin infection leading to death of the animals. Conversion of type IIo to type IIb was associated with a posttranslational modification event involving the action of a bacterial cysteine protease, SpeB (445) .
Studies of an M-like protein, protein H, from group A streptococci have shown that two adjacent IgG-binding domains were present in protein H which bound two different subclasses of human IgG (55) . The study reported that the two coding regions were tightly linked and that strong selective pressures may maintain the two-domain binding motif. The motif was associated with impetigo isolates and not with nasopharyngeal isolates. The strong correlation of the motif with impetigo isolates suggests that it may play a role in virulence and tissue site distinction (55) . Protein H also has a separate binding site for albumin (195) .
IgA-binding proteins have also been reported in group A streptococci. An IgA-binding protein of group A streptococci designated Arp4 (IgA receptor protein from serotype 4 strain) binds both subclasses of IgA with high affinity, binds IgG weakly, but does not bind to fibrinogen (330, 495) . Arp4 was demonstrated to possess antiphagocytic function as well as the seven-residue periodicity associated with M and M-related proteins (255) . Arp4 is distinctly different from Mrp4 (Mrelated protein from serotype 4 strain), which binds IgG as well as fibrinogen (329, 495) . The IgA-binding motif of Arp4 and an IgA-binding protein from a serotype 2 strain (ML2.2) was identified by Bessen and localized to a 58-residue peptide containing amino acid residues 14 to 71 of the protein (51, 232) . Bessen and Fischetti also reported that a significantly higher number of wound and deep tissue isolates possessed IgA-binding activity (45) . The gene similar to Arp4 designated ML2.2 (IgA-binding protein from a serotype 2 strain) has been shown to have extensive sequence homology with Arp4 (53).
Immunoglobulin-binding proteins have been suggested to play a role in streptococcal sequelae. Totolian, Burova, Schalen, and colleagues report in several studies that Fc receptor-positive streptococci induce the production of anti-IgG antibodies, which deposit in heart and kidney tissues and may trigger renal or myocardial damage (85) (86) (87) . Streptococcal strains which did not contain immunoglobulin-binding proteins on the surface did not produce tissue damage. The studies, however, used whole streptococci, which could have possessed other factors which induce deposition of IgG in tissues.
Plasminogen-binding proteins: glyceraldhyde-3-phosphate dehydrogenase, enolase, and streptokinase. Bacteria such as group A streptococci may bind plasmin(ogen) to their surface receptor proteins (Table 4) . This strategy by the streptococci may enhance bacterial invasion or movement through normal tissue barriers. Table 4 summarizes the plasmin-plasminogen binding of proteins of group A streptococci. An excellent review by Boyle and Lottenberg describes the capture of host plasminogen as a potential common mechanism by which invasive bacteria cross tissue barriers (70) . Invasion is thought to be influenced by plasmin bound at the bacterial surface. Surface-bound plasmin would activate extracellular matrix metalloproteases or collagenases to facilitate invasion (334) . The majority of studies on plasmin(ogen) receptors have focused on group A streptococci. The studies of plasmin(ogen) binding have identified surface glyceraldehyde-3-phosphate dehydrogenase as a plasmin(ogen)-binding receptor (77, 78, 332, 333, 412) . Lottenberg and colleagues identified lysine-binding sites in the region of the plasmin(ogen) molecule which interacted with the streptococcal plasmin(ogen)-binding protein Plr (76, 77) . Group A streptococci grown in human plasma acquire surface-associated plasmin activity, suggesting that in vivo the bacteria can bind and generate plasmin (333) . The recombinant plasmin receptor gene product Plr was evaluated for binding of plasmin(ogen) and found to react with human Lys-plasmin(ogen), defined as modified zymogen lacking 77 amino acid residues and with a lysine at the amino terminus (151) . The vast majority of group A strains bind to Lys-plasmin(ogen), while only a small number of M serotypes bind to Glu-plasmin(ogen). A small number of M protein serotypes express an antiphagocytic M protein which has the property of binding to Glu-plasmin(ogen) directly (40, 566) . Further studies by Winram and Lottenberg utilized sitedirected mutagenesis of Plr/dehydrogenase to demonstrate that the carboxy-terminal lysine-334 was essential for binding of plasmin(ogen), but mutation of the plr gene did not reduce plasmin binding to intact group A streptococci (565) . An IgM MAb which inhibited plasmin(ogen) binding to the recombinant Plr protein did not inhibit binding of plasmin(ogen) to whole intact group A streptococci (151) . Collectively, these data suggested that Plr did not account for all of the plasmin binding to group A streptococci. In addition to the direct binding of plasmin, group A streptococci were demonstrated to have plasmin(ogen) activity due to another pathway that involved fibrinogen, plasmin(ogen), streptokinase, and surfaceexpressed M or M-like fibrinogen-binding protein (98, 150, 538, 539) .
Subsequently, the recombinant protein Plr was identified as a glyceraldehyde-3-phosphate dehydrogenase (563) . Studies by Pancholi and Fischetti reported the presence of the glyceraldehyde-3-phosphate dehydrogenase or streptococcal surface dehydrogenase of multiple M protein serotypes and other streptococcal groups (412) . Following identification and purification of the glyceraldehyde-3-phosphate dehydrogenase (streptococcal surface dehydrogenase), it was demonstrated to have multiple binding activity (412) . The streptococcal surface dehydrogenase was found to bind fibronectin, lysozyme, and the cytoskeletal proteins myosin and actin (412) . Due to its binding of fibronectin, the dehydrogenase was proposed to play a role in adherence and colonization of the pharyngeal epithelium. As described above, the surface dehydrogenase was demonstrated to bind to plasmin, but very weakly (563) . The surface dehydrogenase was also discovered to be an ADPribosylating enzyme which was enhanced in the presence of nitric oxide (411) . It was also found that whole streptococci or streptococcal surface dehydrogenase activated tyrosine kinase and protein kinase C in human pharyngeal cells (413) . The signaling of host pharyngeal cells may be important in the infectious process. Other studies have shown that under conditions of iron starvation, the plasmin receptor Plr/surface glyceraldehyde-3-phosphate dehydrogenase is released from the surface into the growth medium (165) . The significance of this mechanism in pathogenesis is yet to be determined, but it could play a role in bacterium-host cell communication.
Group A streptococci also express a surface enolase with strong plasminogen-binding activity (410) . This is particularly important since the Plr/dehydrogenase described above does not function as the only plasmin(ogen) receptor on group A streptococci. In further studies, it was determined that lysines in the carboxy-terminal region of the surface enolase are important in plasmin(ogen) binding (410) . The plasmin-binding activity of the enolase may be important in streptococcal invasion of tissues. The surface enolase was found to make a greater contribution to plasmin binding than the surface dehydrogenase (410) . The enolase appeared to be more exposed and was reported to serve as the primary receptor for plasminogen binding (410) . The streptococcal enolase was shown to be on the surface of the streptococci by immunoelectron microscopy using specific antienolase MAb (410) . Using a photoactivatable cross-linker, it was shown that the streptococcal enolase and not the streptococcal dehydrogenase contributes to the direct binding of plasminogen by group A streptococci. In addition, antibody to the surface enolase was opsonophagocytic. Antibodies against the enolase have been reported in systemic rheumatic diseases and could play a role in poststreptococcal sequelae (410) . Since the enolase is exposed on the surface of human tissues, it is possible that antibodies to the enolase could result in autoimmune tissue damage (410) .
Streptokinase, a secreted plasminogen-binding protein, is a 46,000-molecular-weight protein with four compact domains (148, 249, 341) . As early as 1933, group A streptococci were shown to dissolve fibrin clots (519) . Eventually the fibrinolytic plasminogen activator was identified as streptokinase, which forms a 1:1 complex with plasminogen and converts other plasminogen molecules to plasmin (334) . Antistreptokinase antibody will neutralize the activity of streptokinase, while host protease inhibitors will not (70) . The streptokinases are a family of secreted streptococcal proteins with the common function of converting plasminogen to plasmin (334) . The streptokinase gene is found in most group A streptococcal isolates as one of nine polymorphic genotypes (248, 269, 341) . The polymorphic regions of streptokinase span amino acid residues 174 to 244 and 270 to 290 (269, 341) . Despite the polymorphism in the variable regions of the molecule, the overall structure (hydrophilicity, hydrophobicity, antigenic sites, amphipathic regions, etc.) is maintained (285) . Streptokinase activity found in different streptococci reflects the host range and is not active in hosts which it does not normally infect (70) . Streptokinase has been associated with the pathogenesis of acute poststreptococcal glomerulonephritis (244, 341, 399) . The major variable region of streptokinase is the V1 region, which contains 70 amino acids (269, 341) . In group A streptococcal isolates from acute poststreptococcal glomerulonephritis, the V1 region is reported to contain more ordered secondary structures (341) . It is possible that this region of streptokinase can bind to renal glomeruli and activate plasminogen, resulting in nephritis (341) . The plasminogen-activating activity of streptokinase may also directly contribute to streptococcal virulence and invasion of tissues (314, 333) .
Streptococcal pyrogenic exotoxins and the novel mitogen SMEZ: role as superantigens. The streptococcal pyrogenic exotoxins, or erythrogenic toxins, are well known for their pyrogenicity, enhancement of endotoxic shock, and superantigenic effects on the immune system (10, 11). Schlievert has written a review on the role of superantigens in disease (464) , and Kotb has reviewed the characteristics and effects of bacterial pyrogenic exotoxins as superantigens (304) . Superantigens are molecules which are mitogenic for certain T-cell subsets but do not require processing by antigen-presenting cells. They activate a much larger number of T cells than conventional antigens (284, 306) . The superantigen is capable of binding to the beta chain (V␤) of a characteristic set of T-cell receptors and also to the MHC class II molecule expressed on B cells, monocytes, and dendritic cells. Binding to the T-cell receptor and/or to MHC class II molecules causes the T cells to proliferate and release excessive amounts of inflammatory cytokines (171, 233, 304) . The streptococcal pyrogenic exotoxins have been defined in four distinct antigenic groups, A to D. Types A, B, and C are well defined, while type D is not well characterized (10, 11) . The pyrogenic exotoxins appear to be responsible for many of the manifestations of scarlet fever and toxic streptococcal syndrome described in this review. Administration of streptococcal pyrogenic exotoxin A to animals resulted in fever, hypotension, and other symptoms associated with streptococcal toxic shock syndrome (326) . It is now evident, as will be described below, that there are a large number of mitogenic exotoxins which function as superantigens and may be important in the manifestations of toxic streptococcal syndrome.
The pyrogenic exotoxins have homology with other pyrogenic exotoxins, such as staphylococcal enterotoxins A and C (210). The speA and speC genes are encoded by a bacteriophage (209, 546, 547, 574) , while the gene for SpeB is chromosomal (210, 228, 268, 573) . SpeB is a cysteine proteinase which degrades vitronectin, fibronectin, and IL-1 precursor (287, 288) . The proteinase will be discussed below. The V␤ T-cell subsets expanded by SpeA are V␤ 2, 12, 14, and 15, while SpeB expands V␤ 8 and SpeC expands V␤ 1, 2, 5.1, and 10 (523).
Other pyrogenic exotoxins include mitogenic factor (SpeF), streptococcal superantigen (SSA), streptococcal mitogenic exotoxin Z (SMEZ) (259, 274, 367) , and three most recently identified, novel streptococcal superantigen genes speG, speH, and speJ from the S. pyogenes M1 genomic database at the University of Oklahoma, have been investigated (434) . A fourth novel group A streptococcal superantigen, SMEZ-2, was identified from strain 2035 due to its homology with SMEZ. Recombinant molecules of SMEZ, SMEZ-2, SpeG, and SpeH were mitogenic for human peripheral blood lymphocytes, with SMEZ-2 the most potent of all of the superantigens reported thus far (434) . SMEZ-2 was also shown to be mitogenic for rabbit T cells (274) . Table 5 summarizes the human V␤ specificities of the group A streptococcal superantigens. Stimulation of the V␤ 2, 4, 7.4, and 8 T-cell subsets was observed for SMEZ; V␤ 4 and 8 for SMEZ-2; V␤ 2, 4, 6.9, and 12.3 for SpeG; and V␤ 2, 7.3, and 9.1 for SpeH (434) . SpeF was shown to have cytokine induction patterns similar to those of SpeA and SpeB (395) , and it showed expansion of the V␤ 2, 4, 8, 15, and 19 T-cell subsets (390) . SSA caused expansion of the V␤ 1, 3, 5.2, and 15 T-cell subsets (367). SMEZ was distinct from any known mitogenic exotoxins, and anti-SMEZ antisera did not cross-react with SpeA, SpeB, or SpeC in neutralization tests of mitogenic activity (274, 434) . However, it was reported that SMEZ-2, SpeG, and SpeJ were the most closely related to SMEZ and SpeC. SpeA, SpeC, and SSA have sequence identities of 20 to 90% with the staphylococcal enterotoxins (527).
SpeH was found to be more closely related to the staphylococcal enterotoxins (434) .
The clinical manifestations in streptococcal toxic shock syndrome may result in part from the massive superantigeninduced cytokine production (304) . SpeA, SpeB, and SpeF were shown to induce massive amounts of gamma interferon and tumor necrosis factor-beta, with weak Th2 cytokine responses (395) . Superantigens characteristically induce cytokines IL-1, IL-6, gamma interferon, and tumor necrosis factor beta (305, 464) . A study by Norrby-Teglund and colleagues reported that the cytokine profiles and proliferative responses to SpeF differed among individuals (395) . Individual variance in response to superantigens may result in varying clinical severity.
The nucleotide sequence of the streptococcal pyrogenic exotoxin A gene was reported by Weeks and Ferretti (547) and the gene has been found to be expressed in most streptococcal strains isolated from cases of streptococcal toxic shock syndrome (229) . In this study, 85% of the patients who manifested toxic streptococcal syndrome had strains which produced pyrogenic exotoxin A. In studies by Yu and Ferretti, 45% of scarlet fever isolates and 15% of non-disease-associated isolates contained the gene for pyrogenic exotoxin A (573). Xu and Collins have also found that the gene is expressed at fourfold-higher levels when the strains are grown at 37°C than at 26°C (571) . Nucleotide sequencing of the streptococcal pyrogenic exotoxin A (speA) gene in strains associated with various outbreaks has revealed that there are four naturally occurring alleles of speA (384) . The speA1, speA2, and speA3 alleles encode toxins which differ in a single amino acid, while speA4 encodes a toxin which is 9% divergent from the other three and has 26 amino acid substitutions (384) . The speA2 and speA3 alleles are expressed in most of the recent isolates from toxic streptococcal syndrome. Twenty mutant speA toxins were produced by Kline and Collins, and their data suggest that speA3 is especially more active mitogenically and had higher affinity for the HLA DQ molecule than the SpeA1 form of the toxin (302) . Recent research by Kotb suggested that the class II haplotype of the individual is a risk factor for clinically severe toxic streptococcal syndrome (Kotb, personal communication) . The data therefore suggest that there may be a genetic predisposition toward development of superantigen-related toxic streptococcal syndrome and invasive disease.
Streptococcal superantigens may play a role in autoimmune responses in streptococcal sequelae. Studies by Kotb and colleagues suggested that pepsin-extracted M protein (PepM protein) acted as a superantigen and expanded the V␤ 2, 4, and 8 T-cell subsets (521, 522, 537) . Studies in other laboratories suggested that the M protein is not a superantigen (154, 186, 465) . Nevertheless, a superantigenic site in streptococcal M5 protein has been reported within the amino acid sequence (M5 residues 157 to 197, KEQENKETIGTLKKILDETVKDKLA KEQKSKQNIGALKQEL) (537) . The superantigenic site is the B3 repeat in the B repeat region of the M5 protein and shares significant amino acid sequence homology with other superantigens (537) . The site contains the QKSKQ sequence previously shown to react with antimyosin antibodies in acute rheumatic fever (128) .
Inflammatory responses triggered by the streptococcal pyrogenic exotoxins or superantigens may lead to autoimmune responses and manifestations. The alteration of the cytokine network toward production of inflammatory cytokines may be responsible in part for autoimmune manifestations in streptococcal sequelae.
Streptococcal proteinase (streptococcal exotoxin B). Streptococcal proteinase or streptococcal exotoxin B is an extracel- lular cysteine protease produced by all group A streptococci (288, 380) . However, some strains produce very large amounts of the protease (150 mg/liter) (200) . The cysteine protease is secreted as a 40-kDa zymogen which is cleaved to a proteolytically active 28-kDa mature enzyme under reducing conditions (200, 228, 380) . In group A streptococcal diseases such as pharyngitis, rheumatic fever, and invasive disease, patients produce antibodies against the proteinase. In fatal invasive disease, patients have lower levels of antibody to exotoxin B than do those with milder group A streptococcal infections (245) . Neutralization of exotoxin B activity may protect humans against severe disease manifestations. Immunization of mice with the protease or streptococcal pyrogenic exotoxin B prolonged the survival of mice after challenge with heterologous strains of group A streptococci (286, 313) . Passive protection or enhanced survival time was achieved when mice were administered antibodies against the protease. Therefore, the streptococcal protease elicits antibodies with protective effects in animals. These studies have led to the investigation of pyrogenic exotoxin B as a potential vaccine candidate which would enhance immunity against severe invasive disease as well as other streptococcal diseases.
Musser and colleagues have shown that the cysteine protease converts IL-1␤ precursor to active IL-1␤, an inflammatory cytokine (287) . Studies have also shown that the protease degrades vitronectin and fibronectin (288) and activates a 66-kDa human endothelial cell matrix metalloprotease (84) . In addition, it has been shown that the protease cleaves and releases urokinase plasminogen activator receptor from the surface of mononuclear leukocytes (568) and releases biologically active kinins from their precursors (234) . Activation of enzymes which can degrade the extracellular matrix in tissues could result in the tissue damage observed in invasive streptococcal infections. The protease produced damage to human umbilical vein endothelial cells in culture, and endothelial cell damage is observed in invasive streptococcal disease (263) . Evidence that the streptococcal protease activates an extracellular matrix metalloprotease supports the hypothesis that the streptococcal protease is important in the pathogenesis of invasive disease.
Sequence analysis of the streptococcal pyrogenic exotoxin B gene from 200 group A streptococcal isolates revealed that there were three variants (501) . Investigation of the variants identified one, mSpeB2, with an arginine-glycine-aspartic acid (RGD) motif which preferentially binds human integrins ␣ v ␤ 3 and ␣ IIb ␤ 3 (501) . The mSpeB2 variant of the protease is expressed by all unusually virulent M1 strains and several other clones that cause invasive disease worldwide (501) . This unique allelic variation may influence host-pathogen interactions in invasive disease.
In studies from one laboratory, inactivation of exotoxin B significantly decreased mouse lethality caused by M serotypes 3 and 49 (336, 337) , while Ashbaugh and colleagues found that inactivation of exotoxin B had no effect on virulence in a mouse model of invasive tissue infection (16) . Exotoxin B enhanced in vitro internalization of group A streptococci by human epithelial and endothelial cells (83) . Genetic inactivation of the cysteine protease resulted in more rapid clearance from the peritoneal cavity of the streptococcal pyrogenic exotoxin B mutant and reduced its dissemination to organs (335) . The evidence suggested that the streptococcal protease promoted resistance to phagocytosis and dissemination to organs. The studies also suggested that expression of the cysteine protease contributed to extracellular survival of group A streptococci in the host (83) . The exact mechanisms by which the protease functions to prevent phagocytosis and enhance virulence are unknown. However, proteolytic activity toward M proteins, C5a peptidase, or host molecules may have an effect on virulence and phagocytosis.
C5a peptidase. The C5a peptidase is a proteolytic enzyme (endopeptidase) found on the surface of group A streptococci. It is a highly specific 130-kDa serine peptidase that is anchored to the streptococcal cell wall. The peptidase cleaves the complement-derived chemotaxin C5a at its PMN-binding site (99) . This event then inhibits the recruitment of phagocytic cells to the site of infection (265, 552) . Therefore, the surface of group A streptococci presents a double barrier to the complement defenses of the host. First, the M protein, discussed above, reduces activation of the alternative pathway, and second, the streptococcal C5a peptidase inactivates C5a and chemotaxis. Most recently, C5a was shown to activate PMNs to kill Mpositive streptococci (266) . Although resistant to phagocytosis in fresh human blood, M-positive streptococci were found to be engulfed by activated phagocytic cells.
The C5a peptidase is encoded by a gene which is regulated by mga in concert with M protein (325) . The enzyme is produced by group A, B, and G streptococci that have been isolated from human disease. The amino acid sequence is greater than 95% identical among class I and class II M protein serotypes of group A and B streptococci (96) . Three lines of evidence suggest that the C5a peptidase is important in virulence of group A streptococci. Mutations in the scpA gene increase clearance of streptococci from subdermal sites of infection and from the nasopharyngeal mucosa of intranasally infected mice (264, 265) . However, these mutations did not affect the virulence of the streptococci in a mouse air sac model of infection (265) . Moreover, intranasal immunization of mice produced a vigorous serum and secretory antibody response that enhanced clearance of the bacteria from the oral mucosa of mice (264) . Although fewer than 15% of children under 10 years of age exhibit measurable antibody against C5a peptidase, most adults have evidence of a strong immune response to this streptococcal protein (396) . These findings prompted investigators to suggest that the immune response to the C5a peptidase may account for the relative resistance of adults to infection.
In recent studies, group A streptococci containing an inactivated scpA gene for the C5a peptidase were compared with the wild-type strain containing the intact scpA gene in a mouse model of long-term throat colonization and pneumonia (256) . The group A streptococcus strain B514-Sm, a natural mouse pathogen, was the strain used for the genetic and mouse model studies with C57BL/10SnJ mice. Deletion of the scpA gene resulted in a small but significant difference from the wild type in the incidence of pneumonia in the C3HeB/FeJ mouse model after intratracheal inoculation but not in throat colonization in the C57BL/10SnJ mouse model following intranasal inoculation (256) . A vaccine containing the C5a peptidase may protect against both group A and B streptococcal infections.
Streptococcal inhibitor of complement-mediated lysis. The sic gene, which encodes the streptococcal inhibitor of complement-mediated lysis (SIC), has been investigated by Akesson and colleagues and Musser and colleagues (7, 235, 415, 500) . sic was found to be a uniquely variable gene among M1 serotypes. SIC inhibited the complement membrane attack complex and may possibly contribute to group A streptococcal virulence, but the role of SIC in virulence in vivo has not been proven yet.
Recent molecular population genetic analysis of the gene encoding SIC in serotype M1 strains has discovered a uniquely high level of polymorphism (415, 500) . The SIC protein was found to be remarkably hypervariable, with the amount of polymorphism far exceeding that present in any bacterial protein except those directly associated with antibiotic resistance. Importantly, SIC variants were rapidly selected on mucosal surfaces, and selection of these variants may perpetuate and increase the magnitude of M1 epidemic waves (James Musser, personal communication).
Analysis of the Group A Streptococcal Genome
Ferretti and colleagues are in the process of completing the entire sequence of the group A streptococcal genome from S. pyogenes SF 370, an M1 serotype classified as a T1/19/8 isolate from a wound infection (University of Oklahoma strain collection; originally obtained from the Communicable Disease Center in Atlanta, Ga.). The SF 370 strain has an RFLP profile identical to that of other severe invasive group A streptococcal strains. In addition, the strain contains a bacteriophage which encodes streptococcal erythrogenic toxin C and three other novel superantigens (J. J. Ferretti, personal communication). Analysis of the genomic sequence has revealed no evidence of pathogenicity islands. However, the gene for the cyclic AMP (cAMP) factor, regarded as a group B streptococcal extracellular cohemolysin in the presence of Staphylococcus aureus sphingomyelinase C, was found to be present in the genome of group A streptococci. The gene for the cAMP factor, cfa, was expressed by group A streptococci and found to be widely spread among group A streptococcal isolates (82 of 100) (199) . In addition, the presence of multiple phage and insertion sequence elements suggests horizontal transfer of new virulence properties, and 11 two-component signal transduction systems with histidine kinases were identified (J. J. Ferretti, personal communication). The Oklahoma University S. pyogenes database can be accessed by internet at http://www.genome.ou.edu /strep.html.
Global Regulators of Virulence Genes
The group A streptococci must adapt to the various niches which they encounter in the human host. Therefore, regulatory elements must respond to environmental signals and control the expression of virulence genes in group A streptococci. Because the M protein gene was central to the virulence of group A streptococci, studies began with investigation of control of its expression. In 1987, both Cleary and colleagues and Scott and Caparon independently defined a gene which was a positive transcriptional regulator of expression of the M protein (89, 454, 490) . The locus defined by Cleary was virR (491) , and the locus defined by Caparon and Scott was mry (417) . The mry/virR gene was renamed mga for multiple gene regulator in group A streptococci. The nucleotide sequence of mga contained sequence homology with phosphorylation acceptor motifs, consistent with the second component of a two-component regulatory signal transduction system (417) . Deletion of sequences in mga resulted in the loss of M protein expression (493) , and these deletion mutants were complemented by a complete mga gene in trans. It is now established that Mga activates the transcription of several genes, including those for M protein (emm), C5a peptidase (scpA), M-like proteins (mrp, enn, and fcR), serum opacity factor (sof), and secreted inhibitor of complement (sic) (95, 101, 355, 358, 422) . Mga feeds back to positively regulate itself and functions as a 62-kDa protein to bind to the promoter region of the genes that it regulates (417) .
The genes involved in the mga regulon are shown in Table 3 , and an overview of regulation is shown in Fig. 6 . The genes regulated by mga were found to be expressed in the late exponential growth phase but not in the stationary growth phase (357) . Caparon and colleagues demonstrated that transcription of the M protein gene was regulated by the concentration of carbon dioxide (88) . It was proposed that the level of carbon dioxide in tissues was one of the factors which regulated the expression of M protein during infection in vivo. Scott and colleagues have also found that transcription of the emm gene was downregulated by increased osmolarity (high salt), low temperature (25°C), growth in free exchange of gases (shaking), and restricted availability of iron (356) . Their data suggested that group A streptococci can sense multiple signals in the environment which control expression of virulence determinants. Thus, Mga activates expression of several virulence genes in response to different environmental conditions. Hollingshead and colleagues reported that of 32 streptococcal M protein serotypes studied, many hybridized with the mga-1 gene (238, 422) . Genes such as slo (streptolysin O) and many other virulence genes in group A streptococci were not affected by mga but appeared to be controlled by growth phase-dependent regulation, suggesting that expression of virulence genes in group A streptococci was under complex global regulation (357) . In recent studies, a global negative regulator of mga was identified in a few strains and called nra. In addition to repressing Mga synthesis 4-to 16-fold, nra was a negative regulator of prtF2, the gene for fibronectin-binding protein F2, and the collagen-binding protein gene (cpa) in group A streptococci. The Nra protein sequence was 62% homologous to RofA, a positive transcriptional regulator of the fibronectinbinding protein (prtF) and itself in response to increased oxygen levels (426) . RofA and Mga may influence the expression of genes involved in adhesion in different environments (426) .
Levin and Wessels identified csrR-csrS, a pair of genes in group A streptococci that encode a two-component regulatory system (327) . Inactivation of csrR resulted in a striking increase in transcription of the capsule synthesis genes of the has operon and a corresponding increase in hyaluronic acid capsule production (327) . Subsequent work by Bernish and van de Rijn confirmed these observations and demonstrated binding of the CsrR protein to the promoter region upstream of the has operon (42). Their results provided further evidence that the CsrR protein acts as a transcriptional regulator. Federle, Scott, and colleagues found that a nonpolar mutation in csrR increased transcription of several other virulence genes, including ska (streptokinase), sagA (streptolysin O), and speMF (mitogenic factor) but had no effect on mga, emm, scpA, speB, or speC. Thus, the CsrR response regulator repressed transcription of several virulence operons in group A streptococci (172) (Fig. 6) . Since multiple unrelated genes were controlled by csrR, Scott and colleagues (172) proposed an alternative designation for the csrR-csrS loci, covR-covS for control of virulence genes. CovR repressed itself and acted independently of growth phase (172) . The csrR/csrS or covR-covS sensor-regulator gene pair represents a new regulatory pathway affecting expression of several group A streptococcal virulence genes which are not regulated by mga, and it has been found in all group A streptococcal strains tested (172) . Figure 6 is a diagram illustrating the regulatory networks in group A streptococci. Bernish and van de Rijn discovered that csrR or covR acts directly on the hasA promoter or through another regulatory circuit on other promoters (42) . Although a global regulator has not yet been identified that affects both mga and covR or csrR, growth phase affects both sets of genes (Fig. 6 ). Even in a strain lacking csrR or covR, the expression of genes was growth phase dependent. CsrR or CovR repressed some genes that are maximally expressed in either the exponential or stationary growth phase (172) . Thus, the CsrR or CovR pathway appears to be independent of growth phase. According to Federle, Scott, and colleagues, genes encoding streptolysin s, capsule synthesis, streptokinase, and mitogenic factor were regulated by at least two distinct signals. One signal acts on CsrR or CovR and the other signal is the growth phase, about which little is known. In the mga regulon, the genes are shut off as growth enters the stationary phase. While a report by Steiner and Malke suggests that amino acid starvation affects the CovRS-mediated suppression of virulence genes (K. Steiner and H. Malke, Abstr. 100th Gen. Meet. Am. Soc. Microbiol. 2000, abstr. B-261, 2000), future studies of global regulation in group A streptococci should uncover more about the mechanisms of these three distinct pathways and explain the regulation of crucial virulence factors associated with the many different types of streptococcal diseases.
Determinants of Protective Immunity Protective opsonic and mucosal antibody against M protein.
Protection against group A streptococci correlates with the presence of opsonizing antibody against type-specific M protein (318) . Type-specific opsonic antibodies against the M protein recognize epitopes in the amino-terminal region of the M protein molecule (271) . Type-specific antibody is essential for effective clearance of the group A streptococci by polymorphonuclear leukocytes or neutrophils (Fig. 2) . Although immune responses appear in humans to other parts of the M protein molecule, these antibodies are not opsonic and protective. It has been suggested that opsonic antibodies are produced late in infection (178, 317) . Antibodies against nonopsonic epitopes of the M protein appeared to be produced prior to the opsonic response (178) . This may be due to the fact that nonopsonic, non-type-specific epitopes are shared among group A streptococci and a secondary response would occur faster to the epitopes to which the host had been previously exposed. Once the host is exposed to the type-specific epitopes, a primary response occurs and long-term immunity to the infecting serotype is acquired (319) . Antibodies against the B repeat region appear first in rabbits immunized with M protein (184) and are not opsonic (271) . Human opsonic antisera contain antibodies against the N-terminal A repeat region, while nonopsonic sera contain antibodies to other regions but not to the amino-terminal A repeat region (179) . All human sera were found to contain antibodies against the highly conserved C repeat region, which has the highest homology among the M protein serotypes (237) . It makes sense that humans should (95, 101, 355, 358, 422) . Mga feeds back to positively regulate itself and functions as a 62-kDa protein to bind to the promotor region of genes that it regulates (417) . The genes involved in the mga regulon are shown in Table 3 , and an overview of regulation is shown in the diagram above. A global negative regulator of mga was identified in a few strains and called nra. In addition to repressing Mga synthesis 4-to 16-fold, nra was a negative regulator of prtF2, the gene for the fibronectin-binding protein F2, and the collagen-binding protein gene (cpa) in group A streptococci. The Nra protein sequence was 62% homologous to RofA, a positive transcriptional regulator of the fibronectin-binding protein (prtF) and itself in response to increased oxygen levels (426) . RofA and Mga may influence the expression of genes involved in adhesion in different environments (426) . csrR and csrS or covR and covS are a pair of genetic loci in group A streptococci that encode a two-component regulatory system (327) . Inactivation of csrR or covR resulted in a striking increase in transcription of the capsule synthesis genes of the has operon and a corresponding increase in hyaluronic acid capsule production (327) . Subsequent work confirmed these observations and demonstrated binding of the CsrR protein to the promoter region upstream of the has operon (42). The CsrR or CovR protein acts as a transcriptional regulator. Production of a nonpolar mutation in csrR or covR increased transcription of several other virulence genes, including ska (streptokinase), sagA (streptolysin O), and speF (mitogenic factor) but had no effect on mga, emm, scpA, speB, or speC. Thus, the CovR or CsrR response regulator repressed transcription of several virulence operons in group A streptococci (172) . Since multiple unrelated genes were controlled by csrR, an alternative nomenclature was given to the csrR-csrS locus, covR-covS for control of virulence genes. The csrR-csrS or covR-covS sensor-regulator gene pair represent a new regulatory pathway affecting expression of several group A streptococcal virulence genes which are not regulated by mga and has been found in all group A streptococcal strains tested (172 (73) . Additional studies suggest that human antibodies to the conserved region of the M protein opsonize heterologous strains of group A streptococci (74) . In contrast, other reports suggest that epitopes shared among group A streptococcal M proteins in the C repeat region generate an immune response which is not opsonic but in animal models confers protective mucosal immunity against colonization with heterologous serotypes (46, 49, 81, 271) . In these studies, peptides from the conserved C repeat region of the M protein molecule were administered intranasally to mice. Upon challenge with group A streptococci intranasally, the mice were protected against colonization and infection. Figure 7 illustrates the importance of mucosal immunity in protection against pharyngeal colonization by group A streptococci. Studies with humans show that adults have significantly fewer group A streptococcal infections than children (75) . This finding most likely reflects multiple streptococcal infections in childhood with the development of antibodies that afford protection against infection. Since it is unlikely that an individual would encounter a plethora of M serotypes during childhood, the protection seen in adults may in part be due to a mechanism other than opsonization. Studies have investigated the role of IgA at mucosal surfaces in protection against group A streptococcal infection. In mice, passively administered M protein-specific IgA provided protection against mucosal infection and also delayed disseminated infection and death (47) . IgA blocks adherence of bacteria to mucosal surfaces and plays a key role in host protection at mucous membranes (301) . IgA could also cause the streptococci to become trapped in mucus and cleared by host fluid flow mechanisms. Secretory anti-M protein-specific IgA prevented attachment of group A streptococci to pharyngeal epithelial cells in vitro (187) . M proteinspecific IgG did not diminish adherence but reduced invasion and internalization of the group A streptococci into the pharyngeal epithelial cells. The data suggest that IgG blocks invasion and IgA prevents adherence and colonization (187) . M protein-specific opsonic IgG binds to the surface of the streptococci, where complement is then bound, and serves to facilitate opsonization and clearance of the bacteria. M proteinspecific IgG is important in protection against growth of streptococci in the blood and tissues and follows an established infection.
Therefore, protective immunity has two major mechanisms. First, organisms entering the host can be blocked from attachment to mucosal surfaces by IgA specific for the C repeat region of M proteins (Fig. 7) . Second, the group A streptococcus, once it has entered the host tissues, is effectively eliminated by opsonization with type-specific antibody and complement, with subsequent phagocytosis and killing (Fig. 2) . One mechanism prevents colonization, while the other mechanism prevents multiplication in the host and elimination of the bacterium in host tissues or blood. Immunization of animals with M protein or passively administered serum antibody against M protein will protect against challenge with live streptococcal organisms (158) . M protein vaccine strategies have taken advantage of the epitopes conferring these two modes of protection from infection.
Other streptococcal surface components potentially involved in protection against infection. Various components of the group A streptococci may result in production of opsonizing antibodies or IgA which protects against colonization at the mucosal surface. Although the group A streptococcal M protein has been recognized as the streptococcal antigen capable of inducing protective, opsonic antibody, it is becoming increasingly clear that other surface molecules may participate in inducing protection and opsonization against infection. Dale and colleagues have reported a new antigen isolated from M-negative type 18 streptococci which elicited opsonizing protective antibody against serotypes 3, 18, and 28 (143) . Likewise, M-like genes which contain antiphagocytic domains may potentially induce opsonizing antibody and in part contribute to protection (143) .
Surface molecules such as the C5a peptidase induce antibodies which protect against intranasal challenge of group A streptococci of homologous and heterologous M serotypes (264) . This evidence indicating mucosal anti-C5a peptidase antibody protection against challenge makes the C5a peptidase a candidate for streptococcal vaccines. Evidence has also demonstrated that the group A streptococcal carbohydrate could induce protective antibodies which opsonized multiple M serotypes of S. pyogenes (461) . Antibodies against the streptococcal pyrogenic exotoxins A (392), B (245), and C (391) may play a protective role in humans by neutralizing the toxicity and mitogenicity of the toxins. Mice immunized with streptococcal erythrogenic toxin B (streptococcal proteinase) had prolonged survival following challenge with multiple group A streptococcal strains (286) . Protection afforded by these various antigens may be important in overall protective immunity in vivo.
T-cell immunity to infection with group A streptococci. Although a strong antibody response against the M protein is required for protection against homologous streptococcal infection, T-cell responses are important in B-helper T-cell function. T-cell epitopes have been reported for M5 protein, and a summary of our current knowledge of T-cell epitopes has been reported (123) . T-cell responses to M protein have been investigated in a number of studies (123, 138, 154, 167, 216, 250, 435, 436, 455, 456, 521, 522) . Although many of the studies related to T-cell responses in acute rheumatic fever and autoimmunity, studies of T-cell epitopes involved in protective immune responses against infection are particularly important in vaccine development.
Several studies have investigated T-cell epitopes potentially involved in M protein-specific protective immune responses (436, 455, 456) . Robinson and colleagues have mapped multiple T-cell epitopes of streptococcal M proteins. In particular, two immunodominant epitopes were identified and characterized by using T-cell clones generated from mice immunized with recombinant M5 protein (156, 157) . The two epitopes included an E d -restricted epitope (M5 residues 17 to 31) and an A d -restricted epitope (M5 residues 308 to 319). Their results suggested that the two epitopes were processed by two different antigen-processing pathways (156, 157) . The study suggested that the following factors may be important in the processing of protective antigens such as streptococcal M proteins: (i) type and stage of antigen-presenting cell, (ii) receptors used to capture soluble and particulate antigens, (iii) enzyme cleavage sites flanking MHC class II binding peptides, and (iv) the presence of cytokines and other pharmacological agents which modify antigen processing by the antigen-presenting cell (156, 157) . It is possible that the method of antigen processing will influence CD4 ϩ T-cell specificity and functional differentiation.
NONSUPPURATIVE SEQUELAE Acute Poststreptococcal Glomerulonephritis
Introduction. Scarlet fever was first associated with the occurrence of acute glomerulonephritis in the late 1800s and early 1900s, and shortly thereafter acute glomerulonephritis was commonly associated with a previous streptococcal infection (402) . Most cases of acute glomerulonephritis seen today are associated with a group A streptococcal infection and are not usually associated with scarlet fever (487) . Acute poststreptococcal glomerulonephritis occurs primarily in children and young adults, with males affected twice as often as females, and individuals over 40 can also be subjected to the disease (487). Many investigators have noted a relationship between group A streptococcal infection and development of acute glomerulonephritis (159, 431, 449, 543) . The epidemiology of acute poststreptococcal glomerulonephritis is related to its presence in southern and temperate climates, where pyoderma-associated glomerulonephritis demonstrated peak occurrence in the summer, while rheumatic fever peaked in the autumn and winter months of the year (64) . In northern climates, acute glomerulonephritis is associated with throat infection (487) . However, frequently the same organism infecting the skin in impetigo will also infect the throat. In general, skin infection precedes that of the throat. Past epidemics in the United States have been community associated, with the most notable outbreaks in the Red Lake Indian Reservation in Minnesota in 1953 and 1966 (13, 487) . Other factors such as crowding, poor hygiene, and poverty are also associated with acute glomerulonephritis outbreaks. Recurrent epidemics in certain communities have also been reported (430) , although it is rare that an individual has a second occurrence (487) . The general absence of individual recurrences may be due to the presence of type-specific antibodies or antibodies against the nephritogenic factors. Long term prophylaxis with penicillin in patients following a poststreptococcal acute glomerulonephritis attack is not recommended (487) . Unlike rheumatic fever, the outbreaks of acute glomerulonephritis have continued to decline and may be due to changes in the streptococci or the host (487) . Regions of the world which still exhibit a high incidence of poststreptococcal acute glomerulonephritis include Africa, the Caribbean, South America, New Zealand, and Kuwait.
The nephritogenicity of group A streptococci appears to be related to specific M protein serotypes of S. pyogenes which cause acute glomerulonephritis, and certain strains within the serotype are nephritogenic. Thus, not all strains of the same M protein serotype are nephritogenic. Both pharyngeal and skin infection can lead to glomerulonephritis. However, the predominant M protein serotypes associated with pyoderma or skin infections and glomerulonephritis are M types 2, 49, 42, 56, 57, and 60, while M types 1, 4, 12, and 25 are associated with throat infections and glomerulonephritis (61, 487, 507) . It is well documented that not all M type 12 strains are nephritogenic (486) . The pyoderma or skin strains characteristically produce opacity factor or lipoproteinase, while in general the throat strains do not (559, 560) . Clearly, there are differences between the throat and skin strains. Class I M protein serotypes, as defined by their reactivity with MAb 10B6, are the strains of S. pyogenes associated with pharyngitis and rheumatic fever, while the skin-pyoderma-nephritogenic strains do not react with MAb 10B6 (50) . Furthermore, skin strains can be differentiated from pharyngitis strains by their chromosomal pattern (56) .
Diagnosis. The characteristics of poststreptococcal acute glomerulonephritis include edema, hypertension, hematuria, urinary sediment abnormalities, and decreased serum complement levels, with little fever (61) . There is a latent period of 1 to 4 weeks (average, 10 days) between the streptococcal infection and development of acute glomerulonephritis, and antistreptococcal antibody titers for anti-DNase B or antihyaluronidase are elevated (63, 487) . In glomerulonephritis following pyoderma or skin infection, the latency period may be 3 to 6 weeks and the ASO titers are generally low. After throat infection, the latency period may be 1 to 2 weeks and the ASO titers may be higher. Clinical manifestations include discolored or coffeecolored urine due to hematuria, edema of the face and extremities which has a sudden onset, and circulatory congestion due to renal impairment (487) . Recurrent attacks of glomerulonephritis do not cause more severe disease, and in general there is no permanent damage to the kidney in children following the disease attack. However, according to Bisno, 1% or fewer children develop severe or irreversible renal failure, but in the adult population this may be a different scenario, with more acute glomerulonephritis patients developing chronic glomerulonephritis or hypertension (61). Silva describes pathological and clinical outcomes of postinfectious glomerulonephritis in an excellent review (487) .
Potential mechanisms of pathogenesis. The pathogenic events that lead to the development of poststreptococcal acute glomerulonephritis are related to an immunologic phenomenon involving immune complexes, nephritogenic streptococcal proteins, or both. A latency period, decrease in serum complement, and observed effects on the glomeruli suggest an immune-mediated event. Several mechanisms have been proposed, including immune complex deposition, reaction of antibodies cross-reactive with streptococcal and glomerular antigens, alteration of glomerular tissues by streptococcal products such as a proteinase or streptokinase, and direct complement activation by streptococcal components deposited in the glomeruli (487) .
Circulating immune complexes. Circulating immune complexes may play a role in development of disease. Elevated serum levels of IgG and IgM have been observed in 90% of patients with acute postinfectious glomerulonephritis, and 58% demonstrated circulating immune complexes, compared to 4% of normal individuals (487) . In poststreptococcal acute glomerulonephritis, 66% have cryoglobulins (487) , and the immune complexes appeared to contain streptococcal antigens (196) . Immune complexes were also found in sera of patients with uncomplicated pharyngitis; therefore, it is possible that VOL. 13 (295) . In further studies, they found that the epitope recognized in collagen resides in the 7-S domain of type IV collagen (294) . Previous evidence showed that streptococcal antigens, immunoglobulins, and complement are present in the kidney glomeruli in poststreptococcal glomerulonephritis (360) . Early studies by Lange and Markowitz suggested that the glomerular basement membrane shared antigens with streptococcal M12 protein (347) . Additional studies have suggested that antigens are shared between the group A streptococcus and glomeruli (61, 208, 309, 321) . Kraus and Beachey identified a renal autoimmune epitope (Ile-Arg-LeuArg) in M protein (308) . The association of nephritis with certain M protein serotypes suggested that the M protein could play a role in the disease. In animal models of nephritis induced by nephritogenic streptococci (M type 12), antiglomerular antibodies eluted from kidney glomeruli reacted with the type 12 streptococcal M protein (331) . In addition, a monoclonal antibody against glomeruli reacted with the M12 protein (208) . These studies support immune-mediated mechanisms in the pathogenesis of acute glomerulonephritis. Molecular mimicry between streptococcal and renal antigens may be important in the development of glomerulonephritis.
Streptococcal antigens and nephritis strain-associated proteins. Evidence has suggested that streptococcal antigens other than M protein may be deposited in the kidney and result in deposits of immunoglobulin and/or complement. Serum IgG from patients with poststreptococcal acute glomerulonephritis reacted with glomeruli and mesangium taken from patients with early-stage glomerulonephritis (524) . In addition, nephritogenic group A streptococci or membranes could absorb the glomerular reactivity from the serum. Lange (322, 323) and others (12) have suggested that free streptococcal antigen may deposit in glomeruli and attract circulating antistreptococcal antibody or complement components or both.
A component of the streptococcus, endostreptosin, was found to absorb antiglomerular antibody from sera of patients following poststreptococcal acute glomerulonephritis (487) . In late stages of nephritis, endostreptosin is not detectable, but increased serum antiendostreptosin titers are diagnostic of poststreptococcal acute glomerulonephritis (481, 487) . Endostreptosin is a protein of 40 to 50 kDa derived from the streptococcal cell cytoplasm. Endostreptosin was observed to deposit on glomerular basement membranes in rats (116) . It also activated complement component C3 by the alternate pathway and was not related immunologically to other streptococcal exoenzymes or cell wall components (116) .
Investigations by Zabriskie and coworkers have focused on the nephritogenic streptococci isolated from cases of acute glomerulonephritis. Streptococcal isolates from cases of nephritis were first noted to produce a protein not found in strains from patients without acute glomerulonephritis. At first the protein was called nephritis strain-associated protein (532) . A number of years later, the nephritis strain-associated protein was found to be a plasmin-binding protein (429) . The molecule had antigenic, biochemical, and structural similarity to group C streptokinase, but it was not related to the group A streptokinase (429) . Upon amino acid sequence analysis, the 46,000-Da protein was identified as streptococcal pyrogenic exotoxin B precursor, also known as the streptococcal proteinase zymogen (429) . It is possible that the protease activity or the superantigenic properties of this exotoxin/protease/plasmin-binding protein may play a role in the inflammatory changes seen in nephritis. Antibody titers to streptococcal pyrogenic exotoxin B were significantly elevated in acute poststreptococcal glomerulonephritis in comparison with acute rheumatic fever, scarlet fever, and normal individuals (117) . Streptococcal pyrogenic exotoxin B (SpeB) was found in the glomeruli of 67% of glomerulonephritis biopsy specimens examined, while only 16% of normal biopsies were positive (117) . If pyrogenic exotoxin B deposited in the glomeruli and activated the alternate complement pathway, this might explain the complement deposits in the kidney in poststreptococcal acute glomerulonephritis. Alternatively, the plasmin-binding activity could play a role by penetration of the pyrogenic exotoxin B-bound plasmin into the glomerular tissues, where excess plasmin could activate complement and produce inflammation in the glomeruli (117) .
Although streptokinase has not been found in the glomeruli of poststreptococcal acute glomerulonephritis patients, there is evidence that it may play a role in this disease. Evidence indicated that nephritogenic streptokinases have unique domains which are attracted to renal tissues (387, 388) . Molecular comparison analysis of the variable streptokinase domains demonstrated that streptokinases from nephritogenic strains had Ͼ95% homology, while Ͻ60% homology was observed for streptokinases from nonnephritogenic strains (269) . Nine different polymorphic genotypes of streptokinase have been identified, and ska-1, ska-2, ska-6, and ska-9 have been associated with clinical and experimental acute poststreptococcal nephritis. Streptokinase was proposed to bind and activate plasminogen to plasmin, a potent protease, which then could activate the complement system and lead to glomerulonephritis (387) .
Studies have been directed toward the determination of the role of streptokinase in acute glomerulonephritis. One study of glomerulonephritis strains in Ethiopian children did not associate certain genotypes with specific diseases such as acute glomerulonephritis (517) . However, in other studies, deletion of the streptokinase gene from a type 49 strain eliminated the nephritogenic properties of the strain (244) . Studies to investigate allelic variants of streptokinase demonstrated that a change from a nephritis-associated to a non-nephritis-associated allele abolished the capacity of the strain to produce nephritis in a mouse model of acute glomerulonephritis (386) . Although streptokinase has not been found in biopsies of nephritis patients (117) , it is possible that nephritis strains have more than one mechanism or complementary mechanisms not yet understood by which complement can be fixed in the glomerulus, leading to nephritis. It is also possible that undetectable amounts of streptokinase in glomeruli can have profound effects on complement activation and production of disease. In this regard, Holm and colleagues reported that a more sensitive method than immunofluorescence was required to detect streptokinase in glomeruli (387) .
Stinson and colleagues also found that a number of surface proteins from nephritogenic streptococci, M12 serotype, were capable of binding to glomerular capillary walls in experiments in vitro (204) . These data further support the possibility that multiple streptococcal antigens may react with sites in the glomeruli and bind antibody or activate complement in the pathogenesis of acute poststreptococcal glomerulonephritis.
Animal models of poststreptococcal acute glomerulonephritis. In both humans and animal models of experimental glomerulonephritis, similar types of electron-dense deposits have been observed (487) . Several studies have tested live streptococci, culture supernatants, or streptococcal proteins for induction of glomerulonephritis (37, 242, 270, 363) . Glomerular inflammatory changes were reported in rabbits immunized with Fc receptor-positive group A streptococci (86) , which induced high levels of anti-IgG antibodies and IgG deposits in the glomerulus, with glomerular changes. It was proposed that the anti-IgG deposits lead to activation of C3 (86) .
One successful animal model is the tissue cage model of poststreptococcal acute glomerulonephritis, in which live organisms were grown in a tissue cage and the extracellular products from the bacteria were allowed to naturally diffuse into the body of the animal (242) . The rabbit model appeared to be similar to poststreptococcal acute glomerulonephritis histologically and clinically. Strains which did not contain the nephritis-associated protein did not cause glomerulonephritis or glomerular deposits. Further studies by Holm and colleagues investigated the osmotic pump model, in which small amounts of the nephritis strain-associated protein were released slowly into the animal, with development of acute glomerulonephritis (243) . A most recent report describes deposition of streptokinase and the C3 component of complement in the glomeruli of BALB/c mice implanted with tissue cages infected with the nephritogenic NZ131 and EF514 strains (387) . However, no nephritis or deposition was observed when mice were infected with the NZ131 streptokinase deletion mutant or nonnephritogenic strain S84. These data continue to support a potential role for streptokinase in glomerulonephritis. It is possible that streptokinase may lead to early deposition of complement in the glomeruli.
Rheumatic Fever
Introduction. Rheumatic fever is a delayed sequel to group A streptococcal pharyngitis. The disease manifests as an inflammation of the joints (arthritis), heart (carditis), central nervous system (chorea), skin (erythema marginatum), and/or subcutaneous nodules (505). These five major clinical manifestations, any of which may be seen in rheumatic fever, were established by the Jones criteria and revised by the American Heart Association (134, 273, 529) . The disease is autoimmune in nature and most likely results in part from the production of autoreactive antibodies and T cells shown to cross-react with components of the group A streptococcus and host tissues. The medical importance of rheumatic fever is serious cardiac involvement, with myocarditis or valvulitis leading to death or valve replacement (505, 529) . At one time in the United States, rheumatic fever was considered the most common cause of acquired heart disease in school-age children (351) . Massell has published a most extraordinary historical account of rheumatic fever, from the earliest records of the disease to the most current research investigations (351) .
Rheumatic fever is a major cause of acquired heart disease in children worldwide, with the disease occurring most frequently in underdeveloped countries where access to medical care is limited and children live in poverty and unsanitary, crowded conditions (506) . In a recent review, Stollerman points out that inadequate prevention of streptococcal infection and deprivation of children in communities near Johannesburg, South Africa, and the aborigines of northern Australia have led to very high rates of rheumatic fever (Ն20 cases per 1,000) compared to communities in the developed world with adequate access to medical care (0.2 to 0.5 case per 1,000) (506) . Other regions cited for increased incidence of rheumatic fever were Hawaii, Sri Lanka, and Auckland, New Zealand (506) . Ganguly, Kaplan, and colleagues have cited that the incidence of rheumatic heart disease worldwide ranges from 0.55 to 11 per 1,000 (293) . A recent epidemiological survey in rural north India cited 210 cases of rheumatic heart disease per 100,000 school children aged 5 to 15 years (293). The epidemiological surveys leave little doubt that rheumatic fever is a world health problem. Outbreaks of rheumatic fever have also been observed in the United States since 1983, when Utah reported an outbreak associated with children from middle-to upper-income families with good access to medical care, but crowding was a factor associated with disease (530, 531) . Mucoid M18 strains have been associated with the outbreak.
Although progress has been made in our understanding of rheumatic fever and its pathogenesis as an autoimmune disease, there is still much to be elucidated about the disease process. Disease susceptibility factors, including the major histocompatibility antigens and potential tissue-specific antigens, are under investigation as potential risk determinants in the disease. Autoantibodies which develop during streptococcal infection and in rheumatic fever are being investigated for their potential role in the disease, while it is evident that T lymphocytes play a key role in the pathogenesis of rheumatic carditis. Pathogenic epitopes of streptococcal and host antigens which cause autoimmune disease in animal models have been defined. This review will put these developments in perspective with the disease manifestations. Several other recent reviews on rheumatic fever have been written and describe past and present investigations of the clinical manifestations and pathogenesis of the disease (61, 119, 202, 351, 353, 502, 503, 506) .
Association of group A streptococci with rheumatic fever. S. pyogenes is the primary initiating factor in the development of acute rheumatic fever. Although a susceptible host and autoimmune responses are involved in development of the disease, the group A streptococcus plays a central role. The strongest evidence supporting the hypothesis that rheumatic fever is a result of a group A streptococcal throat infection is that rheumatic fever parallels the occurrence of streptococcal infections (351, 506, 507) . In addition, elevated antistreptococcal antibodies accompany rheumatic fever, such as rises in ASO and anti-DNase B antibody titers (507, 520, 542) . Antibodies against streptolysin O are now used to document antecedent streptococcal infection in cases of rheumatic fever. The risk of developing rheumatic fever has been related to the overall magnitude of the immune response against group A streptococcal infection (447, 448, 496) .
Clinical features of rheumatic fever. Symptoms of rheumatic fever can vary depending on the severity of the disease and the body systems involved. There is a latency period between the onset of streptococcal pharyngitis and the development of rheumatic fever. The latency period can range from 1 to 5 weeks after pharyngitis (62, 506, 507) . This presumably allows the host time to develop an immune response, which subsequently attacks the tissues involved in the disease. The Jones criteria (134, 273) are a group of major and minor manifestations used in the diagnosis of rheumatic fever. The diagnosis requires the presence of either two major manifestations or one major and two minor manifestations. Major manifestations include carditis, arthritis, chorea, subcutaneous nodules, and erythema marginatum. Minor manifestations include fever, arthralgia, elevated sedimentation rate, elevated C-reactive protein, and elevated P-R interval. An elevated ASO titer, elevated anti-DNase B titer, or a positive throat culture for group A streptococci is considered supportive evidence of a group A streptococcal infection. Although carditis is the most serious major manifestation, migratory, polyarticular arthritis is the most common. The arthritis does not produce permanent damage, while injury to the heart valves can be serious enough for replacement of the damaged valve(s). The carditis presents as mitral or aortic regurgitation with a heart murmur VOL. 13, 2000 GROUP A STREPTOCOCCAL INFECTIONS 491 on November 2, 2017 by guest http://cmr.asm.org/ upon auscultation or evidence by Doppler echocardiography (362) . Myocarditis and pericarditis may be present. Permanent heart damage is related to the extent of the valvular involvement, but heart failure due to rheumatic fever is seen less frequently in the developed parts of the world than in the past, when it was a major cause of heart disease. Other manifestations observed in rheumatic fever are seen less frequently and include subcutaneous nodules, Sydenham's chorea, and erythema marginatum (134). Sydenham's chorea is a neurological disorder causing involuntary movements, muscle weakness, and emotional disturbances. After puberty, chorea is seen only in females (507) . Chorea can be the only major manifestation present in rheumatic fever, but in the presence of an elevated ASO or anti-DNase B titer, a diagnosis of rheumatic fever can be ascertained. Antibrain antibodies reactive with neurons of basal ganglia and other brain tissues have been reported in the sera of patients with Sydenham's chorea (82, 254) . Experimental therapy by plasma exchange has been reported to be rapidly curative in patients with chorea (512) .
Erythema marginatum is a distinct red circinate rash which is characteristic of rheumatic fever. However, it is rarely seen in the disease. Subcutaneous nodules occur over the surfaces of the joints and spine, and they are not unique to rheumatic fever, since they are seen in cases of rheumatoid arthritis and systemic lupus erythematosus (507) . The minor manifestations are more general and not as unique as the major manifestations. The minor characteristics of rheumatic fever include fever, elevated erythrocyte sedimentation rate, elevated Creactive protein, leukocytosis, prolonged P-R interval on electrocardiogram, and arthralgia. Supporting evidence of a recent streptococcal infection, either by serology or by culture, is required to make the diagnosis of acute rheumatic fever (134) .
Host susceptibility. Although there is a high prevalence of streptococcal pharyngitis in populations, only a small percentage of individuals develop acute rheumatic fever (508) . Studies of families suggest that the disease is familial but that the genetic factor, characterized as autosomal recessive, has limited penetrance (94, 205, 516, 562) . Therefore, it is believed that there is genetic susceptibility to rheumatic fever. However, twins do not usually both develop rheumatic fever, suggesting that environmental factors play a role in susceptibility to disease (516) . Repeated exposure to streptococcal infections plays a central role in the development of rheumatic fever. Genes and environmental factors other than a group A streptococcal infection, which may play a role in the disease, remain virtually unknown.
The hypothesis that rheumatic fever requires a genetic predisposition is not surprising, since autoimmune and rheumatic diseases have long been associated with genetic susceptibility related to expression of a particular MHC antigen phenotype. Ayoub described a higher frequency of DR4 in Caucasian patients with rheumatic fever and a higher frequency of DR2 in African-American populations with rheumatic fever (18) . However, the DR4-DR2 associations were not found when HLA typing was performed with molecular techniques (4). In South African populations with rheumatic fever, HLA DR1 and DRw6 were frequently associated with the disease (340) . The association of different HLA phenotypes with different ethnic groups suggested that the MHC class I and MHC class II associations in rheumatic fever were complex and conflicting. This confusion may be due in part to the fact that in the majority of these studies analysis was performed by serological methods and not by more current molecular methods for detection of the MHC class II type. In addition, previous studies of HLA associations included a heterogeneous group of patients with and without heart disease, which may have led to inconsistent or inconclusive results. Guedez and Kotb have recently reevaluated MHC class II associations with rheumatic fever and rheumatic heart disease (215). They grouped the patients into a more defined group which had only mitral valve disease, such as mitral regurgitation and mitral stenosis. A group of Egyptian patients with established mitral valve disease were evaluated by molecular analysis of their HLA class II haplotype. Significant increases in the frequency of the DRB1*0701 and DQA1*0201 alleles and the DRB1*0701-DQA1*0201 and DRB1*13-DQA1*0501-3-DQB1*0301 haplotypes were found in the affected patients compared to ethnic controls. The data indicated that certain class II alleles and haplotypes were associated with rheumatic heart disease and that this association appeared to be stronger and more consistent when analyzed in patients with relatively more homogeneous clinical manifestations. The results from the study by Guedez, Kotb, and colleagues (215) suggested that DRB1*0701, DR6, and DQB1*0201 confer susceptibility to rheumatic fever and are in agreement with those reported for Turkish (407) , Mexican (153) , South African (340), and Japanese (307) rheumatic fever patients, in which the majority of cases (Ͼ50%) evaluated involved mitral valve disease.
Studies have also focused on identifying individuals who may be predisposed to acute rheumatic fever. Zabriskie and colleagues identified a non-HLA B-cell marker, known as 883 or D8/17, which identified 100% of rheumatic fever patients evaluated in the United States (New York and New Mexico) (299, 414) . MAb D8/17 reacted with 33 to 40% of the B cells from patients with a history of acute rheumatic fever, whereas only low-level staining was observed in control groups (5 to 7% of B cells stained). The B-cell marker was elevated in patients from all ethnic groups, but only 66% of a north Indian study group were positive (293). Kaur and colleagues developed a new MAb against the B cells of the north Indian population with rheumatic fever. The MAb, PGI/MNII, reacted with samples from a larger number of north Indian rheumatic fever patients, suggesting that the B-cell marker D8/17 did not identify all of the north Indians with a history of rheumatic fever and that some differences in the B-cell marker may exist among ethnic populations. Individuals whose B cells reacted Ͼ10% with the MAb were considered positive. In these studies, 58 to 68% of individuals with acute rheumatic fever and chronic rheumatic heart disease, respectively, were positive with MAb D8/17. Fourteen percent of normal individuals were positive (293) . In the north Indian population study, 86 and 94% with rheumatic fever and heart disease, respectively, were positive with MAb PGI/MN SII. Of the normal controls, only 8% were positive. Study of siblings in families with rheumatic fever or rheumatic heart disease revealed that 60% were positive (Ͼ10% staining positive) when tested with the PGI/MN SII MAb (293) . It is possible that MAbs for different ethnic populations will be needed to detect B-cell markers or alloantigens associated with rheumatic fever in the majority of the population. Identification of individuals and populations at risk will be an important part of a program for control and elimination of rheumatic fever. Studies are currently in progress to identify candidate B-cell alloantigens associated with the disease.
Associated with antimyosin antibodies in acute rheumatic fever, the My1 idiotype was found to be elevated in acute rheumatic fever, acute glomerulonephritis, systemic lupus erythematosus, and Sjögren's syndrome (354) (Fig. 8) . It was not elevated above normal levels in uncomplicated pharyngitis, IgA nephropathy, myocarditis, Chagas' disease, or rheumatoid arthritis. The data showed that the My1 idiotype was not present in heart failure and supported the findings of Zabriskie and colleagues (575) , who showed that the antiheart antibodies in acute rheumatic fever were different from those in sera from postcardiotomy and heart failure patients. Idiotypes which may image the host-bacterial determinant hypothetically could act together with other genetic and predisposing factors in the host to initiate or exacerbate the disease. A description of human monoclonal antimyosin antibodies in rheumatic fever is found below in the section on autoantibodies that cross-react with streptococcal antigens.
Although little is known about target organ sensitivity in rheumatic fever, it is possible that rheumatic fever patients express unique determinants in the target tissue which predispose them to react with antibodies which may target inflammation to the particular sites affected in the disease, mainly the heart, joints, brain, and skin. In studies of mouse antimyosin antibodies, Diamond and colleagues present data in support of the hypothesis that genetic differences in mouse strains affected the deposition of mouse antimyosin antibodies in mice (328) . Antimyosin antibodies deposited in DBA/2 mice but not in SCID or BALB/c mouse strains and resulted in myocarditis in the DBA/2 mice. Although host susceptibility has been investigated for many years, the exact genes which may predispose an individual to development of rheumatic fever remain unidentified. Like many autoimmune diseases, acute rheumatic fever is a multifactorial disease due to a combination of factors, including the susceptible host, group A streptococcal infection, and other environmental and host factors affecting the immune response.
Autoimmunity and Molecular Mimicry in Rheumatic Fever
Autoantibodies cross-reactive with streptococcal antigens. Autoantibodies against the heart were associated with acute rheumatic fever in 1945 by Cavelti (93) . In 1969 Kaplan and Frengley demonstrated antiheart antibodies in acute rheumatic fever sera using immunofluorescence techniques (278) . These findings were supported and confirmed by Zabriskie and colleagues in 1970 (577) . Antibody and complement were reported to be deposited in the hearts of patients with acute rheumatic heart disease (277). Antiheart antibodies persisted in patients with rheumatic recurrences but declined by 5 years after the initial rheumatic episode. Zabriskie suggested that repeated episodes of streptococcal infections were important in development of acute rheumatic fever (575) . These previous data supported the hypothesis that acute rheumatic fever has an autoimmune origin.
The first indications that antiheart antibodies reacted with group A streptococci were found by Kaplan and colleagues, who demonstrated that the antiheart antibodies could be absorbed from human sera by group A streptococci or their cell walls or membranes (276, 277, (281) (282) (283) 576) . Sera from rheumatic fever patients and rabbit anti-group A streptococcal sera reacted with heart and skeletal muscle (575) . The streptococcal cross-reactive antigen was reported by Kaplan and colleagues to be in the cell wall, while Zabriskie and colleagues reported the cross-reactive antigen in streptococcal membranes (575, 576) with antibody cross-reactivity (31, 558, 561) . Additional studies by van de Rijn and colleagues of the group A streptococcal membrane indicated that four peptides were purified from the membranes which reacted with antiheart antibody from acute rheumatic fever sera (528) . However, the origins of the peptides and their sequences were not determined. Studies by Goldstein and colleagues suggested that the group A polysaccharide and the glycoproteins in heart valves containing Nacetylglucosamine were responsible for the antibody cross-reactivity between streptococci and heart tissues (206) . Lyampert and colleagues in Russia also suggested that the group A streptococcal polysaccharide induced responses against host tissues (338, 339) . Sandson suggested that the hyaluronic acid capsule might also play a role in antibody cross-reactivity with joint tissues (462) . Although a wide array of studies in the 1960s and 1970s left little doubt that group A streptococci were associated with autoantibody responses against heart and other tissues, cross-reactivity was not understood due to the large number of antibodies present in human and animal sera.
In the 1980s, human and mouse MAbs against group A streptococci and heart tissue were produced (127, 131, 312) . Strong immunofluorescent staining of heart tissue sections by the MAbs was reported to be similar to that seen for human and animal sera studied previously (Fig. 9) . The cross-reactive MAbs identified myosin as the autoantigen in the heart (126, 312) , and the MAbs have been shown to recognize streptococcal M protein as well as streptococcal membranes (22, 132, 137, 138, 139) . In addition, the MAb reactivities have indicated that the streptococcal cross-reactive antigens were present in both the cell wall and cell membrane (21, 22, 127, 131, 132) . The specificities of mouse cross-reactive MAbs are shown in Table  6 , and the human cross-reactive antibodies are shown in Table  7 . The important difference between the mouse and the human MAbs is that the human antimyosin-antistreptococcal MAbs all react with N-acetylglucosamine, the immunodominant epitope of the group A carbohydrate (1, 483) . This is an important feature of the human antimyosin antibodies, since elevated and persistent levels of anti-group A carbohydrate antibodies were previously reported in cases of chronic rheumatic valvulitis (164) . A few of the mouse antimyosin-antistreptococcal MAbs reacted with DNA and were antinuclear, which is not seen in the human MAbs (133, 173) . Human sera from rheumatic fever in general do not contain antinuclear antibody. Mouse and human cross-reactive MAbs have been categorized into three major groups. Group 1 includes antibodies which recognize only ␣-helical coiled-coil molecules such as myosin, tropomyosin, and keratin; group 2 antibodies recognize myosin and DNA and are antinuclear; and group 3 antibodies recognize myosin and N-acetylglucosamine. Studies using affinitypurified human antimyosin antibodies from acute rheumatic fever sera have been important in verifying that the reactivities observed with the MAbs are observed in the rheumatic fever sera (129, 130, 140) . Antimyosin antibodies affinity purified from acute rheumatic fever sera identified a cross-reactive epitope near the pepsin cleavage site in M5 and M6 proteins (128) . The amino acid sequence of the epitope was identified as Gln-Lys-Ser-Lys-Gln. Proteolytic fragments and synthetic peptides of human cardiac myosin were used to identify sites of cross-reactivity in the myosin molecule (155) . MAbs reacted with the heavy chain of either skeletal or cardiac myosins and were mapped to sites in the ␣-helical rod region of the heavy chain. Cross-reactivity with sites in cardiac myosin is particularly important, since cardiac myosin has been shown to induce myocarditis when administered to susceptible animals, whereas skeletal myosin does not (155, 438, 440) . Polyspecific autoantibodies which recognize more than one antigen have emerged as a theme in autoimmunity, crossreactivity, and molecular mimicry (2, 92, 132, 316) . Tables 6  and 7 illustrate the polyspecificity of the cross-reactive antistreptococcal-antimyosin MAbs. Since their discovery, the V-D-J region genes have been sequenced, but there is no consensus sequence to explain the molecular basis of the polyspecificity and cross-reactivity. However, as described in our reports, the V genes of cross-reactive MAbs from rheumatic fever sera were encoded by a heterogeneous group of VH3 family genes (VH-3, VH-8, VH-23, and VH-30) and a VH4-59 gene segment (1) . Young and colleagues have also sequenced a similar group of V genes (570) . Many sequences were either in germ line configuration or were highly homologous with a germ line sequence. In studies of cross-reactive antibody specificity, aromatic and hydrophobic interactions appeared to play an important role in reactivity with peptides which mimicked N-acetylglucosamine (484) . It has been proposed that a germ line antibody may be polyreactive due to conformational rearrangement and configurational change, permitting binding of diverse molecules such as carbohydrates and peptides (545) .
Molecular mimicry and M protein. Molecular mimicry is defined as the sharing of epitopes between antigens, which in this case are the host and streptococcal bacteria. Three types of mimicry have been defined between antigens, including the sharing of identical amino acid sequences, homologous but nonidentical amino acid sequences, and epitopes on dissimilar molecules such as peptides and carbohydrates (483) (484) (485) or between DNA and peptides (133, 437) . Shikhman has recently shown that some of the antistreptococcal-antimyosin mouse and human MAbs recognized cytoskeletal proteins and the epitope of the group A carbohydrate N-acetylglucosamine. Antibodies which recognized N-acetylglucosamine also recognized peptides which could bind lectins and induce an immune response against N-acetylglucosamine (460, (483) (484) (485) .
Of the streptococcal antigens which are involved in molecular mimicry between the host and streptococcus, the M protein antigen has been the best studied and characterized. The M protein sequence was identified by Manjula and Fischetti as an alpha-helical heptad repeating structure which resembled other ␣-helical proteins, such as tropomyosin and the desminkeratin family of molecules (343, 346) . At the same time, the crossreactive MAbs described in Tables 6 and 7 identified the ␣-helical coiled-coil proteins cardiac and skeletal myosin, tropomyosin, vimentin, laminin, and keratin as host antigens that cross-react with M protein, as well as retinal S antigen and DNA (119, 121, 122, 126, 128, 130, 132, 173) . Microbial antigens immunologically similar to M protein include coxsackievirus capsid proteins, mycobacterial heat shock protein HSP-65, and streptococcal group A carbohydrate N-acetylglucosamine (119) .
In addition to the myosin cross-reactive sequence (Gln-LysSer-Lys-Gln) near the pepsin cleavage site in the M5 and M6 proteins (128), other myosin cross-reactive sites were identified by Dale and Beachey in M5 (139, 140) and M19 (80) . Using overlapping synthetic peptides of M5 protein, myosin crossreactive B-cell epitopes were identified in peptides from the A, B, and C repeat regions of M5 protein (123) . Investigation of MAb 10B6, an anti-M protein MAb which recognized the class I epitope of M proteins, revealed that it reacted with M5 peptides containing the class I epitope and with cardiac and skeletal myosins (440) . The class I epitope shared homology with both skeletal and cardiac myosins, but peptides containing the class I epitope did not cause any tissue inflammation in animal models, as described below (440) .
M proteins were also found to share homology and immunological cross-reactivity with a number of other strong bacterial antigens. We have postulated that one purpose of antibody cross-reactivity is to protect the host against multiple pathogens (120, 122) . An antibody molecule that can neutralize several different infectious agents is an important first line of defense. Supporting evidence is the neutralization of enteroviruses by antistreptococcal-antimyosin antibodies (120, 122) . A site in a coxsackievirus VPI protein shared homology and cross-reactivity with M protein. Coxsackieviruses are involved in the induction of myocarditis in a susceptible host (251, 252) . Another bacterial antigen which shares epitopes with M proteins is heat shock protein Hsp-65, which plays a role in the development of arthritis and diabetes (439) . Shared epitopes among pathogens may be important in triggering autoimmune diseases.
The M protein is not the only group A streptococcal antigen associated with immunological cross-reactivity with the MAbs or affinity-purified antimyosin antibodies from rheumatic fever sera. Other group A streptococcal antigens which cross-reacted with myosin include a 60-kDa actin-like protein (20) , a 60-kDa protein associated with M-negative group A streptococci (21, 22) , and a 67-kDa protein which was cloned using rheumatic fever sera (300). The 67-kDa protein contained sequence homology with class II HLA antigens such as DR, DP, and DQ in humans (300) . Whether rheumatic fever patients produce antibodies to class II HLA antigens and whether the 67-kDa protein plays a role in pathogenesis remain to be determined. Interestingly, the gene for the 67-kDa protein was present only in group A, C, and G streptococci (300) .
Potential pathogenic mechanisms of cross-reactive antibodies in rheumatic fever. The role of cross-reactive and polyspecific antibodies in the pathogenesis of rheumatic fever is not clear. However, I and my colleagues have reported two MAbs, human MAb 1.H9 and mouse MAb 36.2.2, which were cytotoxic for heart cells in culture in the presence of complement (1, 122) . The cytotoxic antibodies recognize epitopes on the surface of heart cells ( Fig. 10) , and MAb 36.2.2 was shown to recognize laminin, an extracellular matrix ␣-helical coiled-coil protein surrounding heart cells and also present in the valve (217, 218) . Another human MAb, 3B.6, from a rheumatic carditis patient, which reacted with valvular endothelium, myocardium, and myosin, was cytotoxic for human umbilical cord endothelial cells in vitro in the presence of complement and reacted with laminin (198) . Pathogenic cross-reactive antibody may be limited to a few antibody idiotypes which recognize the extracellular matrix in myocardium or at the valvular surface endothelium. Extracellular matrix may act like a sieve to trap antibodies in tissues and initiate inflammation. Diamond and colleagues reported that antimyosin MAbs deposited in the extracellular matrix of myocardium in susceptible DBA/2 mice which developed myocarditis (328) . These studies provide evidence that antistreptococcal-antimyosin antibodies could be potentially damaging to cells or tissues.
Autoreactive T cells in rheumatic fever. Historically, previous studies have indicated that lymphocytes were highly responsive to streptococcal cell wall and membrane antigens (450) (451) (452) . T-cell responses to M proteins have been investi-gated in a number of studies (138, 216, 435, 436, 455, 456, (521) (522) (523) . Cytotoxic T lymphocytes were reported to be stimulated by M protein, and cytotoxic lymphocytes were reported in the blood of patients with acute rheumatic fever (138, 257) . Studies have suggested that PepM protein is a superantigen which acts to stimulate V␤ 2, 4, and 8 T-cell subsets (521) (522) (523) 537) . Researchers in other laboratories report that neither recombinant nor native forms of M proteins are superantigenic (154, 186, 465) . A superantigenic site reported for the M5 protein is localized to the amino acid sequence located in M5 residues 157 to 197 (KEQENKETIGTLKKILDETVKDKLA KEQKSKQNIGALKQEL) in the B3 repeat of the M molecule (537) . This site has a significant degree of sequence homology with other superantigens.
Most of the studies on T-cell epitopes studied in rheumatic fever and in animal models focus on the streptococcal M5 protein molecule, because for many years M5 has been a serotype associated with acute rheumatic fever outbreaks (61) . T-and B-cell epitopes of the M5 protein were defined in previous studies by Robinson and colleagues (455, 456) , by Good and colleagues (435, 436) , and in my own laboratory (123) . The T-cell epitopes defined have been summarized previously (123) . Kalil and colleagues recently reported that T cells isolated from the valves of rheumatic fever patients previously infected with M5 group A streptococci were responsive to several M5 peptides and heart-extracted proteins. Although three peptides from the A and B repeat regions of M5 protein stimulated the valvular T cells, peptides from the C repeat region were not tested. B-and T-cell epitopes of M5 protein which cross-reacted with myosin were mapped using 23 overlapping synthetic peptides (18-mers) of the A, B, and C repeat regions of the M5 protein (123) . Of note, there were six dominant myosin cross-reactive sites throughout the M5 molecule which consistently stimulated T cells from mice sensitized with human cardiac myosin (123) . Table 8 summarizes the dominant myosin cross-reactive T-cell epitopes of M5 protein in BALB/c mice (123) , the M5 sequences recognized by T-cell clones from rheumatic heart valves (216), and M5 peptides reported by Good and colleagues to stimulate human T cells from normal and rheumatic fever subjects which were crossreacted with myosin peptides (435, 436 ). An important correlation seen in Table 8 is that M5 peptides NT5, B1B2, and B2, dominant cross-reactive T-cell epitopes in the BALB/c mouse, contained sequences that were similar to those recognized by T cells from rheumatic valves (216) . Peptide NT5 produced inflammatory infiltrates in the myocardia of BALB/c mice (123) . The collective evidence suggested that amino acid sequences in M5 protein which share homology with cardiac myosin may break tolerance and promote T-cell-mediated inflammatory heart disease in animals and humans (123) .
Animal models of carditis. Animal models for the study of rheumatic fever are limited because humans are the host and reservoir of group A streptococci. One of the complications of developing a model of infection which leads to rheumatic fever symptoms is that animals are not easily infected and once infected do not maintain an infection for a lengthy period of time. Therefore, most animal models which have been reported have relied on immunization of rabbits, mice, rats, and monkeys (114, 115, 166, 191, 192, (473) (474) (475) (476) 548) . A review by Unny and Middlebrook on rheumatic carditis described many early studies of rheumatic fever in animals, noting the streptococcal antigen used, the type of immunization, and the ani- mal tested (525) . Most of the preparations used in the animal studies were whole streptococci or crude streptococcal preparations. The outcomes of many of the experiments were equivocal. Murphy and Swift reported focal heart lesions in rabbits (371-374). Schwab and colleagues studied group A streptococcal cell walls and peptidoglycan-polysaccharide complexes in mice and rats which developed carditis, arthritis, or uveiitis (114, 115, 166, 191, 192, 213, 253, 295, 473, (474) (475) (476) 548) . None of the models previously investigated have been used to adequately study the mechanisms of pathogenesis in rheumatic fever. Antibody, cell-mediated immunity, and histopathology in the tissues have been reported. Schwab and colleagues suggested that the peptidoglycan-polysaccharide persisted in the tissues of animals and acted as a chronic stimulus for continued tissue injury and immune complex deposition.
Deposition of antimyosin antibody in the hearts of DBA/2 mice but not BALB/c or SCID mice may be a model of antibody-mediated heart inflammation which may be applicable to rheumatic heart disease (328). The DBA/2 mice developed immunoglobulin deposits in the myocardium with subsequent histopathological myocarditis. It was postulated that the DBA/2 mice have a target organ sensitivity not seen in the other mouse strains. It is not known if this model is applicable to rheumatic fever or if there is a target organ sensitivity in rheumatic carditis.
Recent studies have focused on identification of animal models and peptides of the streptococcal M protein which may elicit rheumatoid lesions in mice and rats. These studies have been performed in the anticipation of identifying an animal model which through immunization procedures could be used to study rheumatic fever or rheumatic heart disease. The first of these studies identified an amino acid sequence, GLKT ENEGLKTENEGLKTE (NT4 peptide), in M5 protein which shared similarities with cardiac myosin and produced myocarditis in MRL ϩ/ϩ mice (250) . The carditis produced by immunization with 30 g of NT4 peptide was shown to be caused by CD4 ϩ T lymphocytes, since anti-CD4 antibody administered to the animals prevented NT4-induced disease. Anti-IA k antibody also prevented disease, whereas anti-IE k antibody did not, demonstrating an MHC association of the I-A k class II molecule with disease. Further studies demonstrated that administration of the NT4 peptide conjugated to syngeneic splenocytes made the mice tolerant of coxsackievirus-induced myocarditis (250) . Epitopes in the M protein have been shown to share immunological cross-reactivity and similarity with the coxsackievirus proteins VP1, VP2, VP3, and VP4 (122) . Coxsackieviruses are one of the causes of autoimmune myocarditis in humans and animals (569) . The importance of the finding is that an epitope from a streptococcal protein produced myocarditis which was abrogated with anti-CD4 and anti-MHC class II antibody. The model has implications for rheumatic heart disease in that mimicry of a cryptic self-epitope by a foreign antigen associated with a pathogen may break tolerance and cause autoimmune manifestations in the susceptible host (250) . A second important point is that use of the NT4 peptide as immunotherapy was successful in preventing autoimmune heart disease. Immunotherapies or vaccines against autoimmune diseases such as rheumatic fever and myocarditis may be important in future considerations of therapy and prevention.
Myocarditis was observed in BALB/c mice immunized with peptides of M5 protein from the A and B repeat regions. The peptides NT4, NT5, NT6, B1A, and B3A elicited cellular infiltrates in the myocardium, as previously described (123) . The repeated regions involved in the A and B repeats contained sequence homology with cardiac myosin, a known autoantigen in myocarditis (Fig. 11) . Peptides from the C repeat region shared homology with both skeletal and cardiac myosins and did not elicit an inflammatory reaction in the myocardium (123) . The data are consistent with the hypothesis that only cardiac myosins and not skeletal myosin induce inflammatory heart disease (385) . The hypothesis in rheumatic heart disease is that unique sequences in M proteins break immune tolerance to pathogenic epitopes in human cardiac myosin and lead to an autoimmune-mediated pathogenesis in rheumatic fever and rheumatic carditis. Although animal models support this hypothesis, multiple factors must be considered in an animal model of a human disease. (81-96 and 163-177) were taken from the PepM5 sequence reported by Manjula (342) . These two sequences are found in the sequence as 67 to 89 and 174 to 188, respectively, as reported by Miller et al. (361) . All other sequences shown are from the M5 gene sequence reported by Miller et al. (361) . Underlined sequences are those shared among the epitopes or sequences compared in Table 2 .
c PBL, peripheral blood lymphocytes; ARF, acute rheumatic fever. d BALB/c mice were immunized with purified human cardiac myosin, and the recovered lymph node lymphocytes were stimulated with each of the peptides in tritiated-thymidine uptake assays (123) .
Streptococcal Reactive Arthritis
Streptococcal reactive arthritis is a nonpurulent arthritis which occurs following group A streptococcal infection but does not fit the Jones criteria for diagnosis of rheumatic fever (4). The arthritis is prolonged in streptococcal reactive arthritis for several weeks or months. Treatment of streptococcal reactive arthritis with aspirin or salicylates is not very effective, unlike rheumatic fever, which is usually treated with high-dose aspirin. Carditis due to mitral insufficiency has been reported in 5 to 6% of patients with streptococcal reactive arthritis (4). Penicillin prophylaxis is recommended in cases of carditis to prevent further attacks and further heart injury.
Streptococcal reactive arthritis appeared to be more similar to the reactive arthritides described for enteric pathogens than to rheumatic fever (4). Susceptibility to streptococcal reactive arthritis may be associated with certain major histocompatibility antigens or class II molecules expressed by patients developing this syndrome. Recent studies suggested that there was an increased frequency of the HLA-DRB1*01 allele in streptococcal reactive arthritis compared with normal individuals or patients with rheumatic fever (4) . The presence of HLA-B27 alleles in individuals has been shown to be associated with the development of reactive arthritis caused by chlamydiae and enteric pathogens, but the HLA-B27 allele was not found more frequently in streptococcal reactive arthritis than in normal individuals (4). Rheumatic fever patients were shown to have an increased frequency of the HLA-DRB1*16 allele, not the HLA-DRB1*01 allele, which was increased in streptococcal reactive arthritis cases.
Tics and Other Brain Disorders
Recent studies have related group A streptococcal infections to the onset of obsessive-compulsive disorder and Tourette's syndrome (9, 514) . A subgroup of tics and obsessive compulsive behavior in children following group A streptococcal infections has been defined as pediatric autoimmune neuropsychiatric disorders associated with streptococcal infections (PANDAS). Patients with PANDAS expressed the D8/17 marker at the same rate that it was found to be present in rheumatic fever patients on DR ϩ cells in the peripheral blood (513) . In that study, the rheumatic fever patients who were compared with the PANDAS group had Sydenham's chorea as a major manifestation. In both patient groups, 85 to 89% of the individuals were positive for D8/17, a marker of rheumatic fever on B cells, while only 17% of normal subjects were positive (513) . Further studies confirmed the D8/17 positivity in a large percentage of PANDAS patients compared with controls (375) . It was unclear if antineuronal antibodies play a role in the disease, which has similarities to Sydenham's chorea, a major manifestation in rheumatic fever. Chorea has the longest latency period following streptococcal pharyngitis and may appear with low antistreptococcal antibody titers, emotional disturbances, and involuntary movements. A long latency period before the detection of PANDAS has made the association with streptococcal infection more difficult to assess.
VACCINATION AND PREVENTION
Antibiotic Therapy and Prophylaxis
Since the 1940s, penicillin has been the treatment of choice for group A streptococcal infections (504) . Furthermore, penicillin prophylaxis is still used to prevent recurrences of rheumatic fever (61) . Early treatment of streptococcal infection with penicillin prevents an immune response against streptococcal antigens and concomitantly prevents the streptococcal sequelae rheumatic fever and glomerulonephritis.
Problems of treatment failures have been reported (279, 421) but were thought to be due to the coexistence of lactamase-producing bacteria in the tonsillopharynx or to streptococci which invade epithelial cells and were protected from the action of penicillin (383) . Adjacent bacteria may degrade penicillin in the infected area and allow survival of the group A streptococci. Streptococci were eradicated in these situations by administering amoxicillin and clavulanate together (279) . It is amazing that resistance to penicillin has not developed in group A streptococci, and they have remained exquisitely sensitive. The reason for the lack of penicillin resistance is not known. However, some strains have developed penicillin tolerance by inhibiting the bactericidal effects of the antibiotic (421) . For penicillin-tolerant strains, the MBC of penicillin will be at least 32-fold higher than the MIC. Other choices for treatment of streptococcal pharyngitis include cephalosporins, erythromycin, and amoxicillin-clavulanate, but penicillin remains the drug of choice.
Vaccine Strategies M proteins. Most recent vaccine strategies have targeted either the type-specific N-terminal region of the M proteins (26, 28, 135, 142, 144, 145) or the highly conserved carboxyterminal region of the M protein molecule (49, 54, 179, 359) . Vaccination against the N-terminal type-specific region induced protective bactericidal and opsonic antibody against the specific M protein serotype, while vaccination against the conserved carboxyl-terminal region of the M protein protected against multiple serotypes and prevented colonization at mucosal surfaces. The studies described below suggest that parenteral or mucosal immunization effectively protects against infection. Investigators have worked over the past two decades to develop a safe, efficacious M protein vaccine to be used for immunization, especially against rheumatogenic serotypes. In addition, with the resurgence of serious streptococcal infections, it is prudent to pursue a group A streptococcal vaccine against serotypes that produce invasive disease.
The development of a vaccine has always been met with enthusiasm, but certain problems must be overcome. First, it should not exacerbate the rheumatic disease that the vaccine would be designed to prevent. M protein sites associated with tissue cross-reactivity or tissue infiltrates should be avoided, and selected sites should be thoroughly tested in animals. Second, the immune response should provide lasting protection. Third, because more than 80 different M serotypes cause infections, only a limited number of M protein serotypes are practical for a type-specific vaccine. In addition, it has been observed that M serotypes which cause infection are cyclic in populations and also that different M serotypes are responsible for rheumatic fever in different parts of the world (229, 275) . Vaccines which targeted epitopes common to all M proteins also appeared to be effective against colonization. Common group A streptococcal antigens other than M protein have also been under investigation as vaccines for protection against colonization and infection.
In a 1989 review, Fischetti (179) discussed the development of M protein vaccines, and Bessen and Fischetti have most recently reviewed vaccines against group A streptococci (54). Many outstanding scientists have made contributions to our understanding of the M protein antigen since its discovery by Lancefield (315, (317) (318) (319) (320) . Historically, Massell vaccinated humans with M protein vaccines in 1968 using a partially purified M3 vaccine which had been HCl extracted from whole M3 streptococci (352) . Vaccinees produced protective antistreptococcal antibodies. The vaccine was given to siblings in families with rheumatic fever. There were three episodes of rheumatic fever in the vaccinees, but it was not certain if the vaccine was related to the development of rheumatic fever (350) . In the study, 3 of 21 vaccinees developed rheumatic fever following group A streptococcal infections occurring during the period of immunization. Only 5 of 447 controls who did not receive the vaccine developed acute rheumatic fever.
In the 1970s, the work on M protein vaccines began with the work of Fox and Wittner, who studied M protein vaccines and the immune response in mice (193, 567) and also in humans (137, 428) . Fox and colleagues immunized 200 healthy adults and children with M types 1, 3, 6, 12, and 24. Both mucosal and parenteral vaccines were tested and demonstrated approximately 70% efficacy (137, 428) . By 1979 Beachey and colleagues had taken advantage of the pepsin extraction method for M protein and had produced highly purified PepM24 (33) .
PepM24 contained the N-terminal half of the M protein molecule and was mixed with alum as an adjuvant and used to immunize a small group of 12 human volunteers. The volunteers developed opsonic antibody against the type 24 streptococcus and had no delayed-type hypersensitivity reaction, and no heart cross-reactive antibodies were observed by immunofluorescence tests of heart sections. Further studies by Beachey and colleagues were the first studies in humans with a synthetic M protein vaccine antigen (28) .
One of the major problems of immunization with the streptococcal M protein as effective prevention of group A streptococcal infection is the more than 80 M protein serotypes. For effective protection against rheumatic fever, a combination of M protein serotypes from rheumatogenic strains would be required, because different M serotypes prevail in different regions of the world. In 1986, studies by Beachey and colleagues described opsonic antibodies against a hybrid peptide containing copies of the type 5 and type 24 M proteins synthesized in tandem (26) . The peptide induced antibodies against both serotypes of M protein, suggesting that effective immunization with multivalent synthetic vaccines was possible. More recently, Dale has examined multivalent hybrid recombinant tetravalent and octavalent M protein vaccines (135, 142, 145) . Four M protein serotypes were represented in the peptide, which contained the N terminus of M types 24, 5, 6, and 19 (142) . The immune sera from rabbits immunized with the multivalent peptide proved to opsonize all four serotypes of group A streptococci. Recombinant vaccines containing as many as eight M type sequences have been shown to be effective at inducing opsonic, serotype-specific responses in rabbits (145) .
To enhance immunogenicity, M protein sequences were conjugated to E. coli labile toxin B subunit (141) . Intranasal immunization with a recombinant group A streptococcal M5 protein fragment (M5 residues 1 to 15) protected mice against intraperitoneal challenge with M type 5 streptococci. The emm-5 gene was introduced into Salmonella enterica serovar Typhimurium, which was effectively used to orally immunize BALB/c mice (427) . The mice were protected from challenge with M type 5 streptococci but not heterologous serotypes.
Bessen and Fischetti demonstrated that infection and colonization were influenced by passive administration of M protein-specific IgA antibody (47, 48, 180) . Affinity-purified salivary anti-M6 IgA was mixed with M6 streptococci prior to intranasal challenge. The type-specific IgA delayed and decreased the mortality rate from infection with M6 streptococcal organisms. When the N-terminal type-specific region was used as a vaccine, it delivered protection against the homologous serotype. The M type-specific IgG was opsonic, while M type-specific IgA was not opsonic (48) .
For protection against multiple serotypes and prevention of colonization, mucosal immunity was shown to be effective by immunization with synthetic peptides corresponding to conserved epitopes found in the carboxy-terminal region of M protein (49) . Vaccination of mice with conserved region M protein peptides (residues 216 to 235, 248 to 269, and 275 to 284) conjugated to cholera toxin B subunit protected the mice against colonization with group A streptococci (46) . Although the peptides from the conserved region given intranasally did not induce an opsonic antibody response or protect against systemic infection, they reduced colonization at the nasopharyngeal mucosal surface (46) . Studies by Bronze and colleagues have also demonstrated that mucosal immunity was enhanced by local administration of vaccines (79) .
Fischetti and colleagues expressed the carboxy-terminal region of the M protein in vaccinia virus (182) and in Strepto-coccus gordonii (359, 432) . The utilization of S. gordonii as a gram-positive oral commensal bacterium is a novel vaccine delivery system which expressed a portion of the emm-6 gene on its surface (432) . The administration of mucosal vaccines containing the common carboxy-terminal region of M protein were shown to induce both IgA and IgG antibodies in the recipient animals and prevented colonization of the mucosa by homologous and heterologous serotypes (54) . Exactly how antibody to the C repeat region epitopes prevented adherence is not known. Since protection against both systemic infection and local colonization must be achieved, it remains to be seen if mucosal immunity will be strong enough to prevent systemic disease.
Current potential M protein vaccines for human use have appeared to be free of deleterious epitopes that might generate high levels of heart-reactive antibody, cardiac inflammation, or rheumatic fever-like symptoms in vaccine recipients (54) . Over the years, many volunteers have received and tolerated streptococcal vaccines relatively well, suggesting that immunization of humans against streptococcal infection is possible and potentially safe. Since streptococcal sequelae are autoimmune types of disorders, as described in this review, and molecular mimicry may potentially play a role in their pathogenesis, safety issues are a major consideration in the development and use of group A streptococcal vaccines in humans.
C5a peptidase. The C5a peptidase is another promising vaccine candidate. Intranasal administration of a truncated form of the enzyme induced measurable salivary IgA and serum IgG responses in mice (264) . Immunized mice were shown to eradicate streptococci from their throats more rapidly after intranasal challenge. The goal of a vaccine is to prevent the initiation of throat infections before the bacteria have an opportunity to become established on the mucosal epithelium. Since the C5a peptidase is antigenically stable and 95 to 98% identical among different serotypes, a vaccine that contains this protein would presumably produce protection against all serotypes. This prediction was confirmed in mice (264) . Immunization with C5a peptidase from an M49 serotype reduced the capacity of serotype M1, M2, and M11 strains to persist on the mouse oral mucosa. The mechanism by which antibody directed against the peptidase increases the rate of clearance of streptococci is not fully understood. The most likely explanation is that antibody neutralizes protease activity, thereby preserving the C5a chemotactic gradient that surrounds the bacteria in human tissue. This in turn could intensify the local inflammatory response and the infiltration of mononuclear phagocytes. Alternatively, antibody directed against the C5a peptidase could activate the classical complement pathway, which will also nonspecifically magnify the inflammatory response and the influx of phagocytic cells. In addition, the peptidase is not likely to induce tissue-reactive antibodies, although experiments have not yet tested this hypothesis. Evidence supporting this prediction is based on the fact that group B streptococci express a C5a peptidase that is 98% identical in amino acid sequence to the C5a peptidase produced by group A streptococci (96) , yet the group B streptococcus has not been reported to induce a tissue-cross-reactive immune response or rheumatic fever-like disease.
Other vaccine candidates. Other candidates for future group A streptococcal vaccines include antigens such as the streptococcal proteinase (pyrogenic exotoxin B) (286) and group A carbohydrate-protein conjugates (461) . Surface antigens expressed during infection or environmentally controlled in vivo may eventually become candidates for a multipotential vaccine. Vaccines which protect large numbers of individuals against streptococcal infection may consist of multiple streptococcal surface antigens and exotoxins for protection against invasion, colonization, and sequelae. Long-term immunity should be sought in the vaccines, and it will be a challenge to develop long-lasting immunity against group A streptococci at the mucosal surface. Human trials will be forthcoming in the next few years with each or a combination of these vaccines, which hopefully will lead to effective vaccination against group A streptococcal diseases and their sequelae.
